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It is known that the aerodynamic center changes from quarter chord to half chord 
from incompressible to compressible flows on airfoils. Compressible corrections are 
derived and implemented in a vortex panel code. These results will be used to find the 
aerodynamic centers for the specified Mach range of 0.1 to 0.8 in 0.1 increments within -
6 to 6 degrees angle of attack. OpenFOAM 5 cases will be created with specific meshes 
and settings. The results calculated from OpenFOAM 5 will be compared to the results 
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aC  = force coefficient perpendicular to the normal coefficient (axial coefficient) 
DC   = drag coefficient 
0DC   = drag coefficient at zero Mach number 
 
CD0  = aerodynamic center coefficient, zero lift drag 
 




 = aerodynamic center parabolic drag coefficient 
LC  = lift coefficient 
0LC  = lift coefficient at zero Mach number 
 
CL0,  = aerodynamic center coefficient, lift slope 
 
Cm,A  = aerodynamic center coefficient, moment axial 
LEm
C  = moment about the leading edge of the airfoil 
 
Cm,N  = aerodynamic center coefficient, moment normal 
0mC  = moment coefficient at zero Mach number 
0,mC D  = aerodynamic center coefficient, moment slope 
nC  = force coefficient normal to the airfoil 
pC  = specific heat at constant pressure 




prC  = coefficient of pressure 
,p uC  = pressure coefficient on the upper part of the airfoil 
0pC  = pressure coefficient in incompressible space 
c   = sonic velocity or the speed of sound 
cf  = freestream sonic speed 
h   = enthalpy 
L   = lift 
wM  = molecular weight 
Mf  = freestream Mach number 
N  = number of cells, Eq. (6.1) 
P  = local pressure 
gR  = specific gas constant 
0R  =  universal gas constant (8314 J/kg-Kmol) 
21r  = cell size ratio, (6.2) 
32r  = cell size ratio, (6.2) 
T  = temperature 
Tf  = freestream temperature 
t  = time 
wt   = maximum percent thickness 




Uf  = freestream velocity 
u   = fluid velocity in the x-direction 
uc  = perturbation velocity in the x-direction 
v   =  fluid velocity in the y-direction 
vc  = perturbation velocity in the y-direction 
x̂  = x component in transformed incompressible space 
ŷ   = y component in transformed incompressible space 
z  = average cell size, Eq. (6.1) 
D  = angle of attack 
0LD  = zero lift angle of attack 
iV'  = volume of cell, Eq. (6.1) 
   = del mathematical operator 
O  = ratio of specific heats ( p vC C ) 
U  = fluid density 
I  = scalar velocity potential 
Î   = velocity potential in transformed incompressible space 









The aerodynamic center is the point on the airfoil that pitching moment does not 
change with angle of attack. This point is of interest in aircraft design to allow the 
increase/decrease of angle of attack (thus more/less lift) without the introduction of a 
moment on the airfoil. For incompressible flow fields, this aerodynamic center is at or 
very near the quarter chord point on the airfoil. For compressible flow fields, the 
aerodynamic center moves from the quarter chord to the half chord on the airfoil [1].  
Potential flow can be used to accurately calculate the forces and pressures on an 
airfoil using the vortex panel method. To include the effects of compressibility, the 
vortex panel method solutions can be corrected. The purpose of this report is to go 
through the background of the compressible corrections, calculate the aerodynamic center 
for the corrections, compare the results with inviscid, compressible, computational fluid 
dynamics (CFD), and observe how the aerodynamic center behaves for each method. All 







When a flow is irrotational, it is possible to describe a flow with a single 
dependent variable, I  , rather than having three dependent variables, namely velocities in 
the x, y, and z-directions. The symbol I  is the only dependent variable and thus can 
completely describe the flow. Conventional methods to solve this potential flow equation 
include vortex panel, lattice and other analytical means. These methods make the 
conclusion that changes in air density are negligible. This is great for flows below Mach 
0.3 but after that compressible effects shouldn’t be ignored [2]. Linearizing the continuity 
and momentum equations for compressible flows allows assumptions to be made and an 
approximate correction to be applied to the easily solved incompressible potential flow 
equation.  
2.1 Preliminary aspects for potential flow 
Recall from basic Fluid mechanics that the vorticity is defined by  
 U: u   (2.1) 
where :  is the vorticity,   is del, and U  is a velocity vector. If the motion of the fluid 
elements has no angular velocity, the flow is said to be irrotational 
 0U: u    (2.2) 




   0Iu     (2.3) 
where I  is a function  , ,x y zI . Starting with a scalar function that satisfies U I   
and taking the curl of both sides we have 
   0U Iu  u     (2.4) 
Therefore, there exists a function that satisfies Eqs.  (2.2) and (2.3): 
 U I    (2.5) 
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  (2.7) 
These are known as the velocity potentials. 





















  (2.10) 
These relations will be used later to simplify the continuity equation. 
2.2 Compressible Velocity Potential Equation 
We now know that there exists a potential function, I(x,y), for irrotational motion 
in two-dimensional space. It is possible to expand this concept into describing a flow 
field with the help of the continuity, momentum and energy equations. To include 
compressibility effects, the definition of sonic velocity and ideal gas law will be used to 
reduce the derived equation. 
We will start by expanding out the continuity and momentum equation. We will 
assume inviscid flow with no body forces and a two-dimensional case for simplification. 
It should be noted that these equations are reduced forms of the Euler equations. 
The continuity equation can be written as 
 
u vu v
t x y x y
U U U U
§ ·w w w w w
    ¨ ¸w w w w w© ¹
  (2.11) 
where U  is the fluid density and u and v  are the fluid velocities in the x and y directions 
respectively. 
The momentum equation can be written as 
 
u u u dPu v
t x y dx
U
§ ·w w w
   ¨ ¸w w w© ¹




 v v v dPu v
t x y dy
U
§ ·w w w
   ¨ ¸w w w© ¹
  (2.13) 
 
where t  is time and P  is the pressure at that specific point. We now plug the velocity 
potential Eq. (2.7) into Eqs. (2.11) ,(2.12), and (2.13).  
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  (2.16) 
 
To make the derivation easier to follow we set 
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I Iw  
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w w , and
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w w  in Eqs. (2.14), (2.15), and (2.16). 
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To further reduce these equations into a compressible form, we will use the 
definition of sonic velocity with the assumption of isentropic flow: 
 2 dPc
dU
   









  (2.20) 

















  (2.22) 
Plugging Eqs. (2.21) and (2.22)  into the continuity Eq. (2.17) to get 
  2 2yx xx yy
P P
t c x c y
IIU U I Iw w w    
w w w
  (2.23) 
 
Plugging momentum Eqs. (2.18) and (2.19) into Eq. (2.23) and rearranging to get 
    
22
2 2 2 2 2 2
1 1 1 0yy x y x y yxx xxx yy yx xyt c c c c c t c t
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Assuming steady state and remembering irrationally, xy yxI I  : 
 
22
2 2 21 1 2 0
y x yx
xx yy xyc c c
I I II I I I
§ ·§ ·
     ¨ ¸¨ ¸ ¨ ¸© ¹ © ¹
  (2.25) 
Equation (2.25) does not yet fully describe the compressible potential flow. The 
local sonic speed is not a constant but varies with I and, therefore, it is required to get an 
equation for the local speed of sound, c , to fully describe the potential flow. To deduce 
an equation for the local sonic speed, c , we will use the adiabatic form of the energy 
equation and some useful relations from thermodynamics to get the local sonic speed as a 
function of freestream sonic speed and velocity potential.  
The local speed of sound can be changed to its freestream value by using a 





U Uh h     (2.26) 
where 1h  and 1U  are the enthalpy and velocity at point 1 respectively and 2h  and 2U  are 
the enthalpy and velocity at point 2 respectively. 
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where O  is the ratio of specific heats and gR  is the specific gas constant. Using the speed 
of sound relation gc R TO  we have 
 
2 2 2 2
1 1 2 2
1 2 1 2




  (2.28) 
We will now describe this equation with the reference condition at zero velocity. Setting 
2U  equal to zero and solving for the sonic speed in Eq. (2.28) to get 
 2 2 2 2 2 20 0
1 1( )
2 2
c c U c u vO O        (2.29) 
  2 2 2 20 12 x yc c
O I I     (2.30) 
where, 20c  is a constant and can be referenced to other velocities or potentials in the flow 
field.  
Now we have used the continuity, momentum, and energy equations with relations in 
thermodynamics and sonic velocity to come up with an equation that depends only on the 
velocity potential I. Equations (2.25) and (2.30) are an exact solution to a steady, 




equation, we need an equation  ,x yI  that satisfies Eqs. (2.25) and (2.30) and all the 
boundary conditions on the body. Finding  ,x yI  is going to be proven hard to obtain. 
Equation (2.25) contains quadratic terms with the form 2x xxI I  and x y xyI I I . These 
quadratic terms make the equation highly nonlinear. We know from calculus that it is 
especially hard to solve a nonlinear equation without the help of a finite difference 
scheme. Finite difference schemes can be expensive and unstable; therefore, it is 
preferred to have a linear equation that can be solved analytically. We will now use 
intuition and experience to reduce Eq. (2.25) into a more usable linear equation. 
2.3 Linearized Perturbation Velocity 
  
We will define perturbation velocities. A perturbation velocity is a small velocity 
change from freestream in a specified direction. The freestream velocity will go in the x-
direction and, therefore, the small perturbation will be added to the freestream. The 
velocities of the other axis are merely the perturbations themselves because the 
freestream is specified to only be in the x direction.  
 
 




Applying perturbation velocities by Fig. 1 to velocity potentials, we obtain 
 x u U uI f c     (2.31) 
 y v vI c    (2.32) 
where Uf  is the freestream velocity and uc  and vc  are the perturbation velocities in the x 
and y-direction respectively. It should also be pointed out that these perturbations are 
much smaller than the freestream velocity. 
 ,u v Ufc c    (2.33)  
 
Plugging the perturbation velocities Eqs. (2.31) and (2.32) into Eq. (2.25) we get 





U u U u vu v v u
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  (2.34) 
Equation (2.34) is still exact for steady, isentropic, and irrotational flow but 
remember that this is a nonlinear equation and therefore hard to solve. We will now make 
some assumptions to the equation to reduce this nonlinear equation to a much easier 
linear equation. This equation will not be exact after these assumptions are made but will 
be close for a range of Mach numbers. 
First we will get the local sonic speed as a function of freestream sonic speed and 
perturbation velocities. Starting with Eq. (2.30) we plug in Eqs. (2.31) and (2.32). 
Remembering that 20c  is a constant and therefore can relate the local velocities to that of 




Solving for the local sonic velocity and reducing 
  2 2 2 21 22c c u U u v
O
f f
 c c c      (2.35) 
Plugging Eq. (2.35) into Eq. (2.34).  
     2 2 2 2 2 2 2 2 21 12 2 22 2
u vc u U u v U U u u c u U u v v
x y
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f f f f f f
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  (2.36) 
Collecting terms we have 
2 2 21 1 12 1 1
2 2 2
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Divide by cf  and rearrange terms we have 
2 2
2
2 2 2 2
2 1 1 11 1 1
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  (2.38)  
 
This is still an exact equation for steady, isentropic, irrotational flow with small 




both the right hand side and left hand side in terms of Mach number. Using the definition 
of Mach number, M U cf f f  ,  Eq. (2.38) turns into 




2 1 11 1 1 1
2 2 2
u v u u v uM M
x y U U U x
O O Of f
f f f
ª ºc c c c c cw w   w§ · § ·       « »¨ ¸ ¨ ¸w w w© ¹ © ¹¬ ¼
  
    
2 2
2 2 2
1 1 21 1
2 2
v u u v uM M U u
U U U U y
O OOf f f
f f f f
ª ºc c c c c  w§ · § · c      « »¨ ¸ ¨ ¸ w© ¹ © ¹¬ ¼
  (2.39) 
 
where Mf  is the freestream Mach number. 
We see that the left hand side of Eq. (2.39) is linear and the right hand side is non-
linear. To reduce this equation, we will make the assumption that some terms are much 
smaller than other terms. This allows us to drop the smaller magnitude terms and be left 
with a more easily solved linear equation.  












   (2.41) 
if the perturbation velocities are small enough. To further illustrate this point, we will set 
the sonic speed to the sea level value, solve for the freestream velocity, and then set a 
perturbation velocity that is smaller than the freestream velocity. The magnitude of the 
coefficients from the linear side of Eq.  (2.39) is then graphed with the non-linear terms 











Fig. 3 Perturbation velocities smaller than freestream by 10-2 
  
Figures 2 and 3 illustrate two points. One, the magnitude of the, right hand side 
equation, non-linear terms decreases significantly when the perturbation velocities get 




the magnitude of the right hand side, non-linear terms, of Eq.  (2.39) decreases 
significantly smaller than the left hand side, linear terms. It can be deduced that it is a 
more valid assumption to drop the non-linear, right hand side terms when the perturbation 
velocity is significantly smaller than freestream. Two, the assumption we made to drop 
the non-linear terms on the right hand side of the exact velocity potential equation will 
only hold in a certain approximate Mach range. This can be seen by analyzing Fig. 3 to 
see that the left hand side of Eq. (2.39) is close in magnitude to the right hand side in an 
approximate range of Mach numbers; namely, 0.8 1.2Machd d . Therefore, it is not a 
good assumption to drop the terms on the right hand side within this Mach range. The 
assumption to drop terms is only a valid assumption when in the Mach range 
 0 0.8Machd d   
 1.2Mach t   
 
It should be noted that as the Mach number gets close to the upper and lower part of this 
range, the accuracy of our assumptions goes down. Therefore, for small perturbations in 
velocity the entire right hand side of Eq. (2.39) is dropped and we have 
  21 0u vM
x yf
c cw w
   
w w
  (2.42) 
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  (2.43) 
In all these calculations we have assumed small perturbations in the flow. As previously 




assume that the perturbation velocities are small, we must assume that the flow is around 
a slender body at low angles of attack. We have now obtained a version of the Laplace 
equation that can now be manipulated for potential flow solutions. 
2.4 Linearized Pressure Coefficient 
The pressure distribution over a slender body is needed to get the forces and 
moments on the body. You first need the pressure distribution to make any conclusions 
on what is happening at the boundary layer. To get the pressure distribution that is in 
congruence with small perturbation theory, we must linearize the pressure coefficient. 










   (2.44) 
Equation (2.44) is the local pressure coefficient, prC . To get this coefficient only in terms 
of Mach number we use the relation for the speed of sound Pc O
U














© ¹   (2.45) 
Just like the previous linearization of the velocity potential equation, we will use a 
special form of the energy equation to linearize the pressure coefficient. To break it 




pressure, and freestream Mach number. We will get Eq. (2.45) in terms of small 
perturbations and freestream Mach number and this will ultimately let us find a pressure 
coefficient equation that relates incompressible to compressible flow. 
Starting with the special form of the energy equation, Eq. (2.27), rearranging for 
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  (2.47) 
To get Eq. (2.47) as a function of freestream Mach number and perturbation velocities, 










 from thermodynamics, gc R TOf f  from sonic 






  from the definition of Mach number. The reduced 
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  (2.48) 
From the 1st law of thermodynamics and the calculation of entropy, we have a 













  (2.49) 
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  (2.50) 
This equation is an exact equation; therefore, no assumptions have been made to linearize 
this equation. Analogous to neglecting lower order terms for the velocity potential 
equation, we will expand and deduce the terms that are small compared to other terms. 
This will allow us to reduce the pressure coefficient to a simple expression.  
Equation (2.50) has a complicated exponent but we can expand this expression 
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 , we can drop the term on the far 
right hand side of Eq. (2.51). We can also deduce from Eqs. (2.40) and (2.41) that there is 
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     (2.52) 
Plugging Eq. (2.52) into (2.45) and reducing will give us the linearized local pressure 







   (2.53) 
 Unlike the velocity potential equation, which assumes both u Ufc  and 
2 2u Ufc  
are small, this pressure coefficient only assumes that 2 2u Ufc  is small and, therefore, the 
linearization of the pressure coefficient is a slightly more accurate representation of the 
exact equation. This linearized pressure coefficient is very important and will allow us to 
relate the pressure coefficient for compressible flows to incompressible flows. 
2.5 Prandtl-Glauert Compressible Correction 
One of the tools to solve partial differential equations is to use a coordinate 
transformation to get Eq. (2.43) into the more easily solved Laplace equation. This will 
ultimately allow the development of a relation between incompressible and compressible 
flows. We will use a general linear coordinate transformation and first we will substitute 
a variable for easy derivation.  
 2 21 ME f    (2.54) 
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First we will use a general linear transformation, take the derivatives and finally 
plug these into Eq. (2.55). 
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We can deduce some restrictions on , ,x y IK K K to reduce Eq. (2.58) into the Laplace 
equation:  










  (2.60) 
This is an equation for isentropic, irrotational, and incompressible flow. Equation 
(2.60) relates incompressible space,  ˆ ˆ,x y , to compressible space,  ,x y  ; provided that 




Now that we have the desired equation in transformed incompressible space, we 
can relate the profiles in each space. If we find a way to prove that the profiles are the 
same from incompressible space to compressible space, then we can prove that the forces 
are equal by a factor. To do this we will look at the boundary conditions, find relations 
for the geometries, set the geometries equal to each other, and prove that the forces are 




Fig. 4 Boundary condition in compressible space 
 
We can see from Fig. 4 above that the boundary condition on the surface of the 










  (2.61) 
In keeping consistent with small perturbations we know that the downstairs term of Eq. 














   (2.63) 
The profile shape is given by  y f x  in  ,x y  space and   ˆ ˆy g x  in  ˆ ˆ,x y  
space. Therefore, Eq. (2.63) becomes  
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  (2.64) 
Now we have a boundary condition in compressible space. To get this boundary 























  (2.65) 
We will now look at the boundary condition in transform space. We will set the 
freestream velocity equal in both spaces. The airfoil in transform space is given in Fig. 5 
below.  
 




Similarly, with compressible space, the boundary condition in incompressible, 











  (2.66) 
We can clearly see that the right-hand side of Eq. (2.65) and (2.66) are equal and, 
therefore, can set them equal to each other.  
    ˆ
ˆ
df x dg x
dx dx
   (2.67) 
This proves that the above transformation relates incompressible to compressible 
space over the same airfoil. There is no stretching of the airfoil, change in angle of attack, 
or change in camber; it is the same airfoil. This is useful because we can take the 
linearized pressure coefficient and find a relation between forces with no modification of 
geometry between spaces. 







   (2.68) 
This reduces to  
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   (2.71) 
where 0pC  is the incompressible pressure coefficient in transformed space. Combining 





   (2.72) 
 
Equation (2.72) is known as the Prandtl-Glauert Rule. This is an important 
equation that relates the pressure coefficient in compressible space to incompressible 
space for the same airfoil. Therefore, we can use analytical methods to solve the 
incompressible Laplace equation and then merely correct for compressibility with no 
change in geometry in the transformation.  
The three forces that are of concern on an aerodynamic body are the lift, drag, and 
moment. For this given paper we are assuming inviscid flow and, therefore, the shear 
forces are negligible and there is zero parasitic drag. For inviscid flow, lift and moment 
reduces to only a function of pressure. A complete explanation and derivation of the 
aerodynamic forces on a body can be found in [3]. It is proven that 
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The lift from Eq. (2.73) is only concerned with the forces that are in the y direction or the 
direction pointing towards the top of the airfoil. Also, the effect of Mach number is the 











³   (2.74) 
    cos sinx x yD D    
As we can see, the Prandtl-Glauert correction can be factored out of the integral. Taking 
this into consideration, we can deduce that the lift and moment coefficients are 
proportional to the pressure distribution only and therefore the corrected force 








   (2.76) 
where 21 ME f  . It should be noted that the drag is zero for an inviscid, irrotational, 
incompressible flow and, therefore, a term proportional to zero is always equal to zero. 
2.6 Other Compressible Corrections 
There are other compressible corrections that take into account some of the non-
linearities of compressible flow. The effect of Mach number on each point is different 




as the Prandtl-Glauert Rule. We will first list the compressible corrections and then go 
through the integration of the pressure coefficient to get equations for lift and drag.  
One of the most commonly used compressible correction formulas is the Karman-



















The Karman-Tsien rule, Eq. (2.77), uses the hodograph method to reduce the non-
linear velocity potential equation, Eq. (2.39), into a linear Laplace equation [10-11]. 
Without going into too much detail, we will give a basic outline of the method. It uses a 
transformation to turn physical space into a hodograph space. While in hodograph space,, 
it is easier to obtain a solution because the non-linear terms in Eq. (2.39) turn to linear 
terms in the process of transformation. Assumptions are made and analytical solutions are 
obtained and then the hodograph solution is changed back to physical space. This 
mathematical method allows less terms to be dropped from  Eq. (2.39) and, therefore, a 
more accurate solution. Further documentation and the full derivation can be found in [4].  
Laitone’s rule [5] is derived from using the local Mach number for the Prandtl-
Glauert correction and isentropic relations for compressible flow to get a more accurate 




























Equation (2.78) is Laitone’s rule and the full derivation can be found in [5]. 
These equations are non-linear relations for the pressure coefficient; meaning the 
effect of Mach number on the pressure coefficient is different for each point in the flow 
and thus cannot be analytically related to the lift and moment. A demonstration is given 
























³   (2.79) 
The correction cannot be factored out like the Prandtl-Glauert rule. However, if the 
incompressible pressure distribution is known, it is possible to numerically integrate the 
corrected pressure coefficient over the surface of the airfoil to find the forces.  
The equations to integrate the pressure coefficient and moment coefficients are 
given below for inviscid flow. These equations are derived fully in the [3]. 
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sin cosD n dC C CD D   (2.84) 
where nC  and aC  are the normal and axial non-dimensional forces respectively and LEmC  
is the moment coefficient about the leading edge of the airfoil.  
Typically, the drag due to pressure for inviscid incompressible flows is zero or 
very near zero. Compressible flows do have pressure drag because of the increase of 
entropy across the shock waves and the loss of total pressure. The compressible 
corrections do not accurately model the high adverse pressure gradient when flows get 
close to Mach 1. Therefore, if drag is produced by any of the corrections, it is a good 
assumption that it is a consequence of the formulation or numerical integration and not a 
valid answer [6]. We will now come up with the numerical formulas to plug into a vortex 
panel code.  
 To turn the above equations into a formulation that can be plugged into a 
computer we will use the trapezoidal rule to numerically integrate. Applying the 
trapezoidal rule, setting the chord length equal to 1, and reducing Eqs. (2.80) - (2.82) to 
get 
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To plug these into a computer we must pay attention that iy  and 1iy   take on the 
values of the lower or upper surface coordinates depending on the specification in Eq. 
(2.87). The variables ix  and 1ix   do not need this specification because the upper and 
lower surface coordinates are equal in x. Now we have a basic background on all the 





AERODYNAMIC CENTER CALCULATIONS 
 
3.1 Analytical Prandtl-Glauert Aerodynamic Center 
We will now observe if the aerodynamic center can be easily corrected 
analytically by the Prandtl-Glauert method. This is the first method to be looked at 
because there is no need for integration when correcting the lift and the moment. We will 
first determine the aerodynamic center without the compressible correction and then add 
the correction to see the difference.  
We will use the definition of the aerodynamic center with the definition of the lift 
and moment coefficient to derive the general inviscid aerodynamic center equation. It 
was shown by Phillips [5] that the definition of aerodynamic center is derived and proven 
to be  
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where D and ,D D  subscript signify the first and second derivative of D respectively. The 




pressure drag to be 
  sinA LC C D   (3.4) 
  cosN LC C D  (3.5) 
Normally, the definition of the lift coefficient is assuming small perturbations and a thin 
airfoil. 
  , 0L L LC C D D D   (3.6) 
Because Eq. (3.6) is linear, it cannot be used to correctly evaluate the 2nd 
derivatives required for Eqs. (3.1) and (3.2). To allow an analytical answer, the equations 
for the lift and moment coefficients are given with no assumptions and therefore for any 
case. These equations are derived in reference [8] but are listed below for completeness: 
      0 0, 0sin tan cosL L LC C D D D D ª º¬ ¼   (3.7) 
      0 0, , 0 , 0sin 2 cos sinm m m N L m A LC C C C C CD D D D     (3.8) 
where 0LC  and 0mC  are the incompressible values for the lift and moment coefficients 
respectively. 
We will now use Eqs. (3.7) and (3.8) with Eqs. (3.4) and (3.5), to get the 
aerodynamic center for a general airfoil in incompressible flow. Taking the derivatives 
with respect to D of (3.7) and (3.8) and plugging into (3.1) , we get 
 
















For now, we won’t concern ourselves with acy  because acx has the greatest change 
on the chord. We now have the aerodynamic center for an incompressible flow. We will 
now apply the Prandtl-Glauert compressible correction to Eqs. (3.7) and (3.8) to see if we 
can get an analytical solution to the aerodynamic center for compressible flows. Applying 
Eqs. (2.54),  (2.75), and (2.76) into Eqs. (3.7) and (3.8) we get 
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where LC and mC and are the compressible lift and moment coefficients respectively. We 
















     (3.12) 
therefore, 
 




   (3.13) 
 
This proves an interesting point; that if the incompressible lift and moment 
coefficients are scaled by any proportionality constant, then the aerodynamic centers are 




linear relation. For example, (3.11), uses the incompressible, 0LC  , but could be replaced 
with the compressible, LC . This would create a non-linear relationship for the moment 
coefficient and produce an aerodynamic center that is different than the incompressible 
aerodynamic center.  
 
3.2 General Aerodynamic Center Formulation 
The Prandtl-Glauert rule was used to determine if an analytical correction could 
be used for the aerodynamic center. Unfortunately, the Karman-Tsien cannot be 
manipulated in the same way because it requires numerical integration.  
For completeness, we will go through the general formulation of how to calculate 
the aerodynamic center from the results of lift and moment coefficients given from the 
Karman-Tsien rule and inviscid, compressible computational fluid dynamics. These 
analytical formulas are taken directly from reference [8] and include the inviscid 
(excluding drag) and viscous (including drag) formulas 
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be calculated by: 
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For the viscous formulation the aerodynamic centers can be calculated by the 
approximate third-order solution by 
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As can be seen from Eqs. (3.22), (3.23),  and (3.24), the aerodynamic center for the 
viscous solution is a function of angle of attack. It should be noted that the viscous 
solution above is an approximation with the small terms being dropped out because of the 




and (3.15) into Eqs.(3.18) and (3.17), take the derivatives of these results and Eq. (3.16) 
with respect to D , and plug these into Eqs. (3.1), (3.2), and (3.3). As previously stated, 
this produces a rather long equation but will provide the most accurate results. The 
solution to the general formulation in Fortran form is located in Appendix C. 
The coefficients for Eqs. (3.22), (3.23),  and (3.24),  can be solved by fitting a 
curve to the data for lift, moment and drag coefficients. A least squares method can also 
be used for non-symmetric airfoils. The formulation is taken directly from [8], 
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Now that we have the equations needed to calculate the aerodynamic center, we can go 





VORTEX PANEL METHOD WITH COMPRESSIBILITY 
A vortex panel code, written by the author, was used with added compressible 
corrections. This was also compared to XFOIL to make sure that the results were correct 
[16]. The meshing tool used for this given problem has a closed trailing edge for the 
NACA 4 digit series airfoils and a slightly different profile than the one traditionally 
used. The thickness distribution that matches the meshing tool is 
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  (4.1) 
Eq. (4.1) is implemented in my vortex panel code. Although this thickness distribution is 
slightly different than XFOIL, the compared results will have the correct trend. 
To implement the Prandtl-Glauert correction, the incompressible outputs for the 


















  (4.3) 
 
where mC  is the moment coefficient at the leading edge. Incompressible, inviscid 
potential flows have zero pressure drag because the pressure distribution from the front to 




Prandtl-Glauert correction results are directly proportional to the incompressible results, 
therefore, the drag is also equal to zero.  
The Karman-Tsien correction requires the integration of pressure as previously 
stated. The lift and moment coefficients calculated by the incompressible panel method 
are not needed and therefore not used. The lift, drag, and moment coefficients are instead 
calculated by integrating. The previously derived, Eqs. (2.85), (2.86), and (2.87) are used 
directly after the incompressible pressure coefficient is calculated in the vortex panel 
code. Laitone’s rule was also calculated by the same method.  
It is shown by Phillips [10] that drag is equal to the incompressible drag all the 
way to the critical Mach number. As will be seen, the pressure drag from the Karman-
Tsien and Laitone’s rule is not equal to zero. The drag below the critical Mach number is 
very close to zero but the drag above the critical Mach number is worth studying. This 
wave drag is caused by an adverse pressure gradient from localized supersonic flow over 
the airfoil.  
It should be noted that the inviscid CFD results will include a small amount of 
numerical viscosity all the way to the critical Mach number, however a grid resolution 
study with Richardson extrapolation allows us to keep these effects nearly negligibile 





OPENFOAM 5 INVISCID COMPRESSIBLE FLOW 
We will now discuss the implementation of OpenFOAM 5.0 to get results for lift, 
drag, and moment coefficients for a compressible flow field around a two dimensional 
NACA 2412 airfoil. OpenFOAM is the leading free CFD software and licensed under the 
General Public License. Therefore, the code is free to modify and redistribute to the 
public as long as it falls within the terms of the General Public License.  
OpenFOAM is built on C++ platform that is highly modular within its code. 
“OpenFOAM is a collection of approximately 250 applications build upon a collection of 
over 100 software libraries (modules). Each application performs a specific task within a 
CFD workflow” [12]. For example, the input of the application “checkMesh” in the 
terminal will analyze the mesh and show the number of skewed, high aspect ratio, and 
orthogonality cell issues that could cause convergence problems in the solver. There are 
many applications like this that allow the code to be intuitive over a broad range of 
applications. 
There is no graphical interface within the solver portion of OpenFOAM but there 
are third party programs that allow the viewing of the mesh and other graphics for a given 
problem. OpenFOAM is an interesting program because it uses text files in C++ for the 
inputs from the user. These text inputs allow easy implementation into any program or 
graphical higher level programs because the underlying inputs are merely text files that 
other codes can manipulate. 




structure of a case, and how it changes with compressible flow. After showing the basic 
breakdown, we will pick a solver and do initial set up, pick boundary conditions, describe 
mesh generation, and pick solver settings. We will then implement these settings into our 
own individual case of a two dimensional NACA 2412 compressible flow. 
5.1 Basic Case Outline of OpenFOAM  
The first step in getting a case running is to first generate a mesh. We will save 
that for a later section and so we will assume that we have the mesh generated. To first 
start a case, we need a case folder with the required input files. The basic case structure is 
outlined below with folders and their contents. 
 
Fig. 6 File structure of OpenFOAM case [11] 
Figure 6 shows is the minimum required case folder that is needed to start an 




“system”, “constant”, and “time directories”. Each of these subfolders has properties or 
other subfolders to add features to the case. We will now outline each folder. 
The “system” subfolder contains files that tell the system what to do. The 
”controlDict” file does exactly what the name implies; it controls how the solution is 
played out. It has input parameters such as “startTime”, “endTime”, “deltaT”, and 
controls for added functionalities (such as the forces). The “fvSchemes” and “fvSolution” 
files are used to describe the solver and its tolerances. Files can be added to the system 
subfolder to add features to the problem. These include files to calculate forces, probes, 
sampling, and much more. The “system” subfolder can be thought of as the brain of the 
solution because it dictates what and how OpenFOAM is used. 
The “constant” subfolder contains information that does not change. The mesh 
files are the most obvious to be included here. We may also need “thermoPhysical” and 
turbulence properties. The “thermoPhysical” properties contain information such as 
molecular weight, specific heat, Prandtl number, and viscosity. Turbulence properties 
specify a laminar or turbulent model. 
Figure 6 shows the minimum requirement for a basic case in OpenFOAM. Files 
will need to be added to the case dependent on the problem. The best way to run 
OpenFOAM is to find a tutorial that is similar to your problem and modify it to fit your 
needs. In our case we are doing a compressible flow so we go to the compressible flow 
tutorials and extract one of the cases to our run directory. Now that we have the basic 






5.2  Inviscid Compressible Flow Case Directory 
It was decided to use “rhoCentralFoam” as the solver and the justification for this 
solver will be described in a future section. We will now pick a similar case to ours from 
the tutorials section by going to: tutorials/compressible/rhoCentralFoam in the install 
directory of OpenFOAM. There is a list of basic tutorial cases that are a good base for 
any given problem. The “wedge15Ma5” was picked because it is a triangular prism that 
is supersonic, compressible, inviscid, and in laminar flow. Unfortunately, there are no 
subsonic or even transonic compressible tutorials. We will now describe each file in the 
wedge case and describe how it is modified for our NACA2412 case but a more detailed 
description can be found in the OpenFOAM user guide [11]. 
 
5.2.1  The “constant” Subdirectory 
The “thermophysicalProperties”, (See Appendix A.1), file describes the heat, 
energy, and physical properties. We want inviscid air for our specific case. We will now 
go down the file describing each point. 
The description, “thermoType” constructs the type of “thermoPhysical” model 
depending on the solver and we do not need to change this. 
The next section is the type of gas. We define this as a “mixture” and inside are 
the properties of this gas mixture. “specie” defines the molecular weight and number of 
moles. Normalized inviscid air is used to allow an input of Mach number rather than 




To normalize, the input properties are that which the speed of sounds is 1 m/s at a 
temperature of 1k, pressure of 1 pascal and gamma = 7/5. This allows easy manipulation 
of the Mach number input. To confirm the right molecular weight, we need to perform a 
series of calculations that first starts with the definition of Mach number. 
 gM R TJf f   (5.1) 
where Mf  = freestream Mach number, O  = ratio of specific heats, gR  = specific gas 
constant, and Tf  = freestream temperature. 
To normalize the velocity we set Mf = 1, Tf   = 1, O  =1.4, and solve for the 
specific gas constant, 
 1 5
1.4 1 7g
R   

 J/kg-K (5.2) 
Now that we have the specific gas constant and universal gas constant, we can solve for 





   (5.3) 
where wM  = molecular weight (kg/Kmol) , 0R  = universal gas constant = 8314 J/kg-
Kmol, and gR  = specific gas constant = 5/7 J/kg-Kmol. Therefore, 
 11640.3wM   g/mol (5.4) 




The value of “Cp” is the specific heat in constant pressure. This is calculated 











 J/kg-K (5.5) 
therefore, 
  
 2.5pC   J/kg-K (5.6) 
  
The value of “mu” is the dynamic viscosity and is set to zero because of inviscid 
flow.  
The value of “Pr” is the Prandtl number. This number is independent of the 
solution because inviscid flow and can be set to anything. 
Finding Uf  is required to get the force coefficients. The freestream density can 







   (5.7) 
Calculating we get 
 31.4 /kg mUf    (5.8) 
The “turbulenceProperties” file specifies the turbulence model. This is set to 




5.2.2 The “system” Subdirectory 
The “controlDict”, located in Appendix A.2, file controls the start time, end time, 
courant number, writing interval, and added post processing flags.” rhoCentralFoam” is a 
transient solver and, therefore, does not converge to a specified tolerance. To ensure that 
the answer does not vary in time, sufficient time was given for the solution to go to a 
steady value. It was found that the end time set to t = 200s was a good amount of time to 
see all solutions reach a steady value. For post processing a function flag is added to 
allow the output of the force coefficients.  
The “polyMesh” file contains the files for the mesh. This includes 5 text files that 
have all of the points needed to create the mesh. OpenFOAM has its own format for the 
meshing but also includes tools to convert meshes from common programs like Star 
CCM+. The meshing for our specific case was done in AeroCAT 2.0 [13]. This program 
produces a C type mesh for use with airfoils and wings. There will be a specific section 
on meshing. 
The “fvSchemes” file, located in Appendix A.3, describes the numerical schemes 
that are used in the solver.  
x “ddtSchemes” are schemes for the first and second derivatives in time. 
The first order implicit Euler method is used.  This is a simple method that 
is stable and provides good results for the given problem. 
x “gradSchemes” is the scheme used to calculate the gradient. The default 
value of Gauss linear is used. 




Second order Gauss linear is used because it provides low numerical 
dissipation that is perfect for inviscid flows. 
x “laplacianSchemes” are the schemes used to calculate the Laplacian.  The 
Gauss Theorem is used here and a default value of Gauss linear corrected 
is used for interpolation.  
x “interpolationSchemes” are typically used to interpolate values from 
cells to faces. In most cases, OpenFOAM uses a linear interpolation so the 
default of linear is used here. 
The “fvSolution” file, located in Appendix A.4, describes the solvers and the 
tolerances. Defaults are used here. Tolerance was decreased and no significant change 
was observed; therefore the tolerance was kept at the default value of 1e-9.  
The “forceCoeffsComp” file, Appendix A.5, is not required but needed for the 
computation of the force coefficients on the body. OpenFOAM calculates the force 
coefficients by first integrating the pressure and skin friction around the airfoil and then 
normalizing to get a non-dimensional coefficient. We are calculating an inviscid case and 
therefore a slip condition on the airfoil produces zero skin friction. To acquire this file we 
go into the OpenFOAM5 install directory /etc/caseDicts/postProcessing/forces. Pressure 
tools, probes, and many more post processing templates can be found in this folder. The 
“forceCoeffsComp” file was copied into the system directory and modified for the given 
Mach number of each case. The center of rotation was changed for the mesh given. It 
should be noted that the lift and drag directions need to change for each angle of attack. It 




axial and normal force on the airfoil instead. These forces were put into a spreadsheet and 
converted to the lift and drag by these relations.  
    cos sinL N AC C CD D    (5.9) 
    cos sinD A NC C CD D    (5.10) 
The last file located in the system directory is for running the simulation in 
parallel on multiple processors. Further explanation of this file can be found in the 
OpenFOAM 5 user guide [2]. 
5.2.3 The “0” Subdirectory 
The “0” folder contains the conditions on the flow at time equal to zero. These are 
better known as the boundary and initial conditions. For the compressible case, these 
include pressure, velocity, and temperature. We previously calculated the values for each 
of these but careful consideration is used to pick the type boundary conditions.  
 OpenFOAM uses “patches” to differentiate between different objects or faces in the 
mesh. These patches may include objects such as an airfoil or wing and front, back and 
side faces. These individual patches require a boundary and initial condition for 
OpenFOAM to start solving. The C-type mesh that is used, “AerCAT 2.0” [13], produces 
the patches, “airfoil”, “front”, “back, and “sides. Figure 7 shows the location of each of 
these patches and through them in detail and provide boundary and initial conditions for 







Fig. 7 Mesh example with patch names 
We have an inviscid compressible fluid flow that has an inflow, outflow, and an 
object that it flows around. OpenFOAM does not allow two dimensional calculations but 
instead provides a boundary condition on a single cell thickness mesh that behaves 
exactly like a two-dimensional calculation. An example velocity file is given in the 
Appendix A.6. 
Each file in the “0” subdirectory has a similar format. Default values for version, 
format, and class are given at the top of each file but the “object” changes depending on 
the field input. For example, object equals “U” for the velocity field and object equals 
“p” for the pressure field. Dimensions are the next specification. The dimensions are in SI 
units and have the form, [kg m s K mol A cd]. For example, m/s specification for velocity 
would be [0 1 -1 0 0 0 0] (m/s). It should be noted that the units for compressible flows 
and incompressible flows are different in OpenFOAM. Incompressible flows are 
normalized by density where compressible flow units are real units.  
Now that we have the basic format, we can go through each patch and describe 








The specification, “internalField”, describes the initial flow field inside of the 
domain. It has the form, uniform[1, 0, 0], where each number is magnitude of the field in 
the x, y, and z directions respectively. For velocity (Mach number) this will be dependent 
on the Mach number input and the angle of attack. For example at Mach 0.6 with zero 
angle of attack, 
 [0.6 0 0]uniform   
The internal flow field is set to the value of the front and back patches for each flow field, 
(p, U, T), to allow easier convergence. 
The “airfoil” patch is the surface of the airfoil. Considering we have inviscid flow 
a “U” condition of “slip” on the airfoil is chosen. It is important to have no normal 
velocities acting on the surface and therefore no viscous effects. The “p” and “T” 
conditions are not yet known but will be calculated in the solution and, therefore, a 
“zeroGradient” boundary condition is applied. The “zeroGradient” takes the calculated 
internal field value one cell outside of the airfoil and sets it equal to the cell face on the 
airfoil. 
We can see from Fig. 7 that the “front” patch is the C part of the mesh in the 
front. It is vital to have a boundary condition that doesn’t allow wave reflection. Wave 
reflection will cause oscillations in a transient solution and that isn’t desired. To avoid 
this, a “freestream” boundary condition is set at the front for “U”. The freestream 
boundary condition changes from a fixed value to zero gradient depending on the sign of 




but if the max flow rate is flowing in it will be set fixed value. This boundary condition 
prevents the reflection of waves.  Pressure, “p”, uses a similar boundary condition called 
“freestreamPressure”. This boundary condition is a zero gradient boundary condition that 
changed the flux across the boundary depending on the freestream velocity. Temperature, 
“t”, should not vary at the far field and therefore the reflection of waves is a minimum. A 
static boundary condition of “fixedValue” is set to 1. An inlet-outlet boundary condition 
could be used here and the solution would not be affected.  
“back” has the same settings as the “front” because the boundary conditions are 
all freestream. 
“sides” are set to empty to allow for a two-dimensional case. The solution will 
only follow the x and y directions and not z. 
Examples of all the files in the “0” subdirectory are located in Appendix A.6-A.8 
5.3 Solver Selection 
OpenFOAM includes many solvers for compressible flows. To pick a solver we 
must consider the version of OpenFOAM and the application. The most recent version of 
OpenFOAM is version 5 and going on the homepage we can see that there are added 
compressible features such as being “more stable” and “improved stability and 
convergence” [12]; therefore, the use of OpenFOAM 5 is a wise choice. 
There are two choices when it comes to the solver type; there is a density based 
solver and a pressure based compressible flow solver. Pressure based solvers were mainly 
developed for incompressible flows and further extended for compressible flows. Density 




incompressible flows. OpenFOAM does not currently offer a reliable steady state solver 
for compressible flows and therefore only transient solvers were considered. 
The initial thought was to use “sonicFoam” because it is a pressure based solver 
that has been extended to compressible flows. Our mach region is from Mach  0.1 - 0.8 or 
low speed subsonic compressible flows and, therefore, a pressure based solver makes 
sense. After further research on the pressure based compressible solvers in OpenFOAM it 
was decided to use a density based solver for a few reasons.  
A typical “rule of thumb” for a density based solver is that they obtain an accurate 
solution in the subsonic region down to Mach 0.3 that is all flows Mach > 0.3 [6].; 
therefore, “rhoCentralFoam” should provide accurate solutions down to that region. 
To test “rhoCentralFoam” further, a test case was created for both “sonicFoam” 
and “rhoCentralFoam” with the same boundary conditions and Mach number range. It 
was found that rhoCentralFoam was more accurate, stable, and faster than sonicFoam 
within the same mesh for the given Mach range. “SonicFoam” produced more smearing 
of the shock wave than “rhoCentralFoam”. Figure 8 shows a solution produced by 





Fig. 8 Solution for “rhoCentralFoam” solver at Mach 0.8 for NACA 2412 airfoil 
 A few features of “rhoCentralFoam” like automatic time step adjustment and 
better smoothers and pre-conditioners proved to be vital in getting a stable solution with 
the variety of meshes used in our specific problem. “sonicFoam” has not undergone many 
changes or improvements since release but rhoCentralFoam has added subsonic support 
and improved smoothers that allow an accurate solution in the subsonic region. It should 
be noted that “sonicFoam” was more accurate than “rhoCentralFoam” at Mach 0.1 when 
compared to the vortex panel method but using “rhoCentralFoam” is justifiable because 
of the high accuracy in the entire range of Mach numbers. 
5.4 Meshing 
Meshing was done by AeroCAT 2.0. AeroCAT is a software developed at USU 




into OpenFOAM. GridX produces a C-type mesh about a two-dimensional airfoil or three 
dimensional wings. A more detailed description can be found in [13]. AeroCAT was 
produced on a Unix system and designed to work in the terminal. AeroCAT can take the 
input of a NACA 4-digit specification and produce both two and three-dimensional 
OpenFOAM cases. Currently, this program outputs complete incompressible cases for 
OpenFOAM that are ready to run. To get the needed outputs from AeroCAT a “bones” 
case is used to merely generate the meshes and case files. The NACA 2412 meshes are 
then copied over to the compressible flow case through the Mach and angle of attack 
range. 
AeroCAT asks for many inputs to output a complete incompressible OpenFOAM 
case but only the meshes and velocity files are needed for the compressible flow case.  
The needed inputs are: 
 1)  Angle of attack range 
 2) Freestream velocity (m/s) 
 3) NACA 2412 specification 
 4)  Mesh density 
 5) Number of nodes per airfoil cross-section 
 6)  Number of nodes behind the wing 
 7) Number of nodes in the boundary layer 
 8) Thickness of first cell in the boundary layer 
 9) Number of nodes between boundary layer and far field 




AeroCAT can either accept an input .json file or the terminal can be used to 
answer these input questions. An example of the input file used is given in Appendix B. 
A Mach number range of 0.1 – 0.8 with a range of -6 to 6 for angle of attack was used. 
As seen from Fig. 7, GridX refines the mesh behind the trailing edge of the airfoil. This 
mesh refinement goes in the direction of the freestream velocity for a given angle of 
attack. Although the trailing edge refinement changes with angle of attack, the airfoil 
stays horizontal relative to OpenFOAM inputs and, therefore, the velocity input needs to 
be changed. Conveniently, AeroCAT outputs a “U” velocity input file for the specified 
velocity and angle of attack. 
As previously stated, AeroCAT uses a closed trailing edge and a different 
equation for the NACA 4-digit series. We use the same thickness ratio for our vortex 
panel method code to provide consistency between the two methods. The thickness 
distribution is   
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where ty  is the thickness distribution, x  is the horizontal location on the airfoil, and wt  
is the maximum percent thickness.  
A variety of different meshes were tried but a mesh was picked for stability, 
computation time, and accuracy. To get a better understanding of the quality of the mesh, 
an OpenFOAM function called “checkMesh” was used to determine non-orthogonality, 




accurate stable solution. To use the function “checkMesh” you merely need to be in the 
case directory in a terminal and type “checkMesh”.  
 The decided mesh has a cell count of 3040, 12160, and 48940 for the coarse, 
medium, and fine meshes respectively. 100 chord lengths were used from the airfoil 
to the far field. To ensure the domain size was sufficient for the boundary conditions, 150 






 A NACA 2412 two-dimensional airfoil was used for all cases with the thickness 
distribution given by Eq. (4.1).  To verify that the compressible corrections are a valid 
solution to find the aerodynamic center, a Mach range of 0.1 to 0.8 in increments of 0.1 
was used to find the lift, drag, and moment coefficients for this given airfoil. These 
specifications were used for the Prandtl-Glauert correction, Karman-Tsien correction, and 
CFD in OpenFOAM 5. Laitone’s rule was tried but found to have very unstable results 
after Mach 0.6 with high angles of attack. Once the lift, drag, and moment coefficients 
were calculated, the aerodynamic centers were calculated using the method described in 
Chapter 4. Plots and other visuals were then created to see the results. A full table of all 
calculated values is included in the Appendix D. 
6.1 Grid Resolution 
For inviscid flow below the critical Mach number the drag should be zero. In 
CFD, numerical dissipation or artificial viscosity can contribute to the drag on an airfoil. 
This artificial viscosity is a consequence of numerically solving the differential equations 
and allows the solution to behave as though it has physical viscosity [7]. This viscosity is 
not wanted in an inviscid solution because it introduces unwanted flow characteristics 
such as separation and drag on the airfoil. Therefore, the best method to rid of the 
numerical dissipation is to ensure that the grid is resolved or fine enough that numerical 




As previously stated, the fine grid was created with 48940 cells. Every other node 
was deleted in AeroCAT to get the medium mesh of 12160 cells. Once again, every other 
node was deleted to create the coarse grid of 3040 cells. The course, medium, and fine 
grid are shown in Figs 9, 10 , and 11. 
 





Fig. 10 Example of medium grid 
 
Fig. 11 Example of fine grid 
 




grid was refined, a study was created to compare the coarse, medium, and fine meshes 
with drag converging to zero. Richardson extrapolation was used to get a more accurate 
answer from these meshes [8]. The equations, given in [8], will be written for 
completeness. 
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¦   (6.1) 
where z  is the average cell size, N  is the number of cells, and iV'  is the volume of the 
cell. 
OpenFOAM does not explicitly solve for this average cell size but an implicit 
function can be added to the “controlDict” file in the “functions” section that allows the 
output of the cell volumes and number of cells. An example of the end of a “controlDict” 
file is given below: 
writeCellVolumes 
{ 
type        writeCellVolumes; 




Also, an example of the entire “controlDict” file is given in the Appendix A.9. The case 
with this “controlDict” file inside is only meant for calculations of the cell volumes 
because the “writeCellVolumes” function will output the cell volumes at each time step.  
The cell volumes were put into an excel spreadsheet and 1z , 2z , and 3z  were 




medium, and coarse meshes respectively [8]. Although each angle of attack has a slightly 
different mesh, it was found that the z  values did not change by the order of 101e  for 
each mesh and, therefore, the same 1z , 2z , and 3z  was used for all further calculations.  





    (6.2) 
For the results presented here, there was a final cell size ratio of 21 31 2r r   . To get the 
extrapolated value, we now have to solve 
 










  (6.3) 
 
where, 1DC , 2DC  , and 3DC  represent the drag coefficients for the fine, medium, and 
coarse mesh respectively. We can now see that the only unknown is the p   value. The p  
value is an “apparent order of convergence” and will be solved by the system of 
equations: 
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Mathematica® for all the LC  , DC  , and mC values. It was found the order of 
convergence or the order of accuracy was approximately equal to two. This is a good 
order of convergence. Further documentation about Richardson extrapolation can be 
found in [15]. An example of the grid resolution results is given by 
 
Fig. 12 Grid convergence at Mach 0.3 for NACA 2412 
 
As seen by Fig. 12, the drag coefficient goes to zero as the mesh is refined more. 
The Richardson extrapolation results for each Mach number (0.1 to 0.8) do show a 
solution closer to zero drag than the fine grid. Therefore, the Richardson extrapolation 
































6.2 Critical Mach Number  
The critical Mach number is the free stream Mach number at which sonic speed is 
first encountered on an airfoil [16]. When the freestream Mach number is above the 
critical Mach number, the shock produces an adverse pressure gradient that greatly 
increases the pressure drag (also known as wave drag). This wave drag, even in inviscid 
flows, is significant and can’t be ignored. The Mach range we have used is 0.1 to 0.8 and 
therefore the critical Mach number will be hit within this range. 
As previously stated, the Prandtl-Glauert model results are directly proportional to 
the incompressible results at a specified Mach number. Therefore, if the drag is zero for 
the incompressible case than by proportionality the drag for the compressible, Prandtl-
Glauert correction results are also zero. As previously stated, the drag in the Karman-
Tsien and Laitone’s rule is worth looking at and, therefore, results from the vortex panel 
code with compressible corrections are compared with XFOIL results and CFD below 
 
 




























The freestream Mach number in which the drag greatly rises is at the drag-
divergence Mach number. The drag-divergence Mach number is a slight increase of 
freestream Mach number from the critical Mach number. As seen from the graphs the 
drag increases significantly at close to Mach 0.7.  XFOIL uses the same correction as the 
author’s vortex panel code (Karmin–Tsien). XFOIL was used to verify that the results 
from the corrected vortex panel method were correct. As seen from Fig.6, the vortex 
panel code with the Karman-Tsien correction closely agrees with XFOIL. There is a 
slight variance but this is due to the slightly different thickness ratio outlined by Eq. (4.1). 
It is interesting that the compressible corrections and XFOIL produce negative drag. 
XFOIL is a widely accepted panel code for many applications and therefore it is a good 
assumption that the negative drag is an artifact of the approximate method. It should be 
noted that although the inviscid solution produces zero drag, a viscous solution will not 
produce zero drag. The viscous drag would look somewhat like the CFD results in Fig. 











where ,D iC is the incompressible viscous drag coefficient. This drag rise will occur 
directly after the critical Mach number and fall after the transonic region. The CFD 





6.3 Singularity in the Compressible Corrections 
It is worth noting that the compressible corrections have a singularity given the 
right input of the pressure coefficient and Mach number. The effect grows exponentially 
with the increase in Mach number and it is more prevalent in Laitone’s rule than the 
Karman-Tsien correction. We will now graph the compressible pressure coefficient as a 
function of the incompressible pressure coefficient. This will allow us to see the 
limitations on the minimum pressure coefficient. Setting 1.4J   for Laitone’s rule and 
graphing to obtain Fig. 14. 
 
Fig. 14 Compressible pressure coefficient as a function of incompressible pressure 
coefficient at Mach 0.6 
Figure 14 shows that the compressible corrections diverge quite drastically at a 
specified minimum pressure coefficient with the Mach number close to the transonic 
region. An incompressible pressure coefficient is dependent on angle of attack and 




coefficient will be very low. As seen from Fig. 14, the Karman-Tsien allows a lower 
pressure coefficient than Laitone’s rule at the same Mach number.  To illustrate this 
further, Fig. 15 below gives the minimum incompressible pressure coefficients at 
different angles of attack for the Naca2412 airfoil. 
 
Fig. 15 Minimum pressure coefficient as a function of angle of attack 
The minimum pressure coefficient at the angle of attack of negative six degrees is 
approximately negative three. Looking back on Fig. 14 we can observe that Laitone’s 
diverges drastically at around a negative three pressure coefficient. Therefore, Laitone’s 
rule is not valid through this range of angles of attack at Mach 0.6. It should be noted that 



































Fig. 16 Compressible pressure coefficient as a function of incompressible pressure 
coefficient at Mach 0.8 
As seen from Fig. 16, the effect of Mach number significantly diverges the solution with 
Laitone’s rule. Therefore, the following calculations will not include Laitone’s rule 
because the Mach and angle of attack range is too high. It should be noted that the 
Karman-Tsien correction also diverges when at Mach 0.8 at high angles of attack; 
therefore, the results will not be valid for high or low angles of attack at Mach 0.8. 
6.4 Aerodynamic Center Coefficients 
The aerodynamic center coefficients were calculated by using the least squares 
process outlined in section 4.2. Curve fitting to the data can also be fitted to the general 
definitions of lift, moment, and drag given by  
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This can be done using a numerical solver such as the one offered in Microsoft Excel.  
Figures 16, 17, and 18 were graphed to ensure that the coefficients were calculated 
correctly for below the critical Mach number. 
 
Fig. 17 Drag coefficient as a function of lift coefficient at Mach 0.5 
 




















































Fig. 19 Moment coefficient as a function of angle of attack at Mach 0.5 
As seen from Figs 16-18, the calculated coefficient fit the data for CFD very well. 
Therefore, the calculated coefficients are valid for Mach numbers below critical.  
Figures 20-22 show the graphing of the general formulas for lift, drag, and 
moment with the data obtained from CFD. 
 






















































Fig. 21 Moment coefficient as a function of angle of attack at Mach 0.6 
 
Fig. 22 Drag coefficient as a function of lift coefficient at Mach 0.6 






















































The calculated coefficients for lift and moment produce results that align well with the 
CFD data. The calculated drag coefficients do not capture the CFD data quite as easily at 
this Mach number. The initial thought was to drop the points at the high angles of attack 
because suspected separation. The CFD results were checked and nothing indicated that 
separation was occurring. Shock waves start appearing very rapidly with high or low 
angles of attack at Mach 0.6 and this could explain the behavior in the drag coefficient. It 
should be noted that Mach 0.7 behaves similarly but Mach 0.8 has a shock wave 
throughout the entire range of angles of attack and, therefore, the drag for Mach 0.8 is 
parabolic.  
Figures 23, 24, and 25 show the coefficient results for Mach 0.8. The figures 
illustrate that the coefficients are a good fit for everything except the lift coefficient. 
Once in the transonic region, the lift coefficient does not behave linearly like in 







Fig. 23 Drag coefficient as a function of lift coefficient at Mach 0.8 
 
























































Fig. 25 Moment coefficient as a function of angle of attack 
In conclusion, the method outlined using least squares produces good coefficients 
below the critical Mach number. Once shock waves start appearing on the airfoil, the 
least squares fitting method starts to break down because of the drastic increase in drag. 
Therefore, the results outlined by the least squares method up to the critical Mach number 
are accurate but should be valued carefully after the critical Mach number.  
6.5  Lift, Drag, and Moment Coefficients 
It was found that the lift and moment were in good agreement for each method up 
to the critical Mach number. To get a sense of the results, a plot is produced of the 
magnitude of the difference in coefficients from CFD to each of the corrections 
respectively.  That is: 
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Angle of Attack 























































Fig. 28 Change in lift coefficient for Mach 0.8 
where PG and KT are the Prandtl-Glauert and Karman-Tsien rule respectively. 
Figures 27, 28, and 29 were separated to see the changes in coefficients for all 
Mach ranges. The magnitude of the change for Mach 0.8 is significantly more than the 
change for Mach 0.1 and therefore should be graphed separately. The figures show that 





































range and angle of attack. Although this is true, the Karman-Tsien rule is more accurate 
with small angle of attacks.  
For moment coefficient we have Figs. 29 and 30. 
 




















































Fig. 30 Change in moment coefficient at Mach 0.6 to 0.8 
As with the lift coefficient, the Prandtl-Glauert is more accurate through the range of 
Mach numbers. The most similar spot for both CFD and the corrections is at around 
negative 2 degrees angle of attack. 
6.6 Aerodynamic Center 
We will now go through the results given for the aerodynamic center for the x and 
y locations and the moment about the aerodynamic center. All results were obtained from 
the NACA 2412 airfoil with the origin being the leading edge of the airfoil. Laitone’s rule 







































three. First, we will go through the results with zero drag and then include drag. 
6.6.1 Zero Drag 
Figures 31-33 show the results with zero drag. As seen by Figs 31-33, the 
aerodynamic center does not shift to half chord when approaching Mach 1 for the 
corrections. 
 






















Fig. 32   Y-location of the aerodynamic center with zero drag 
 
Fig. 33 Moment coefficient at the aerodynamic center with zero drag 
The thought for this is that the compressible corrections make assumptions that don’t 

















































compressible correction method. It should be noted that Laitone’s rule was not calculated 
because the solutions for high Mach numbers at high angles of attack diverged 
drastically. 
 It would be interesting to calculate the aerodynamic center for a Mach number as 
high as 0.9 and after the transonic region at 1.2. This won’t be done here because it is not 
within the scope of this paper. 
Although there are unfortunate results for the corrections, the CFD results show 
that the aerodynamic center does shift at around Mach 0.8. The horizontal shift of the 
aerodynamic center goes as expected, towards the half chord, but the vertical shift does 
not behave as wanted. The vertical shift should be negligible compared to the horizontal 
shift. This could be the consequence of using a density based solver in the transonic 
region. As previously gone over in section 6.3, the density based solver in OpenFOAM 
was the best choice for this given problem but it would be worth testing other 
compressible solvers available. For further research, commercially available software 
such as Star CCM+ could be used to compare that the results from OpenFOAM are 
correct. That being said, OpenFOAM, Prandtl-Glauert rule, and Karman-Tsien rule all 
show agreement up to Mach 0.6. All the calculated aerodynamic center coefficients and 
values are given in the Appendix D. 
6.6.2 Drag 
 We will now go over an example plot of the aerodynamic center with drag. As 
mentioned before, the aerodynamic center is a function of angle of attack when drag is 




NACA 2412 with the origin being the leading edge of the airfoil. 
 
Fig. 34 Location of aerodynamic center as a function of angle of attack for Mach 0.4 
 
Fig. 35 Location of aerodynamic center at Mach 0.4 
























very small. The only meaningful shift should be when the flow around the airfoil turns 
supersonic.  
 
Fig. 36 Location of the aerodynamic center at Mach 0.8 as function of angle of 
attack 
 







































From Figs. 36 and 37 we can see that the aerodynamic center shifts from the quarter 
chord to the half chord, as predicted, but shifts by a high value in the y direction. It would 
be good to compare the results given from OpenFOAM with commercially available 
software such as Star CCM+. The results given in the Appendix include:  
x Lift, drag, and moment coefficients for the coarse, medium, and fine 
meshes 
x Richardson extrapolation 
x Aerodynamic center coefficients for both, drag and zero drag. 






This report shows the full derivation of the Prandtl-Glauert compressible 
correction. By graphing the linear and non-linear terms of this correction we see that the 
assumptions made for this rule are reasonable for small angles of attack and slender 
bodies. The background of the other compressible corrections was deemed more accurate 
because the addition of some non-linearities in the flow. 
 It was shown that if the incompressible lift and moment coefficients are scaled by 
any proportionality constant, then the aerodynamic centers are equal for the scaled and 
non-scaled values.  Therefore, using the Prandtl-Glauert rule will produce the same 
aerodynamic center for both compressible and incompressible flows. 
The Karman-Tsien rule was shown to produce drag but was proven to be an 
artifact of the method by comparing with results given from XFOIL. Laitone’s rule also 
produces negative drag and therefore it will follow the same trend as the Karman-Tsien 
results. It was shown that the aerodynamic centers do not go from quarter chord to half 
chord using the compressible corrections.  Further research could be done by taking the 
results after the transonic region and showing if the aerodynamic center moves.  
The CFD results were in good agreement with the compressible corrections up to 
the critical Mach number.  After the critical Mach number, the CFD results show that the 
aerodynamic center moves from the quarter chord towards the half chord on the airfoil. 
Further research could be done on comparing the results obtained from OpenFOAM with 










OpenFOAM input files 
A.1 Example of “thermophysicalProperties” 
FoamFile 
{ 
    version     2.0; 
    format      ascii; 
    class       dictionary; 
    location    "constant"; 
    object      thermophysicalProperties; 
} 




    type            hePsiThermo; 
    mixture         pureMixture; 
    transport       const; 
    thermo          hConst; 
    equationOfState perfectGas; 
    specie          specie; 





    // normalised gas 
    specie 
    { 
        nMoles          1; 
        molWeight       11640.3; 
    } 
    thermodynamics 
    { 
        Cp              2.5; 
        Hf              0; 
    } 
    transport 
    { 
        mu              0; 
        Pr              1; 
    } 
} 
A.2  Example of “controlDict” file 
FoamFile 
{ 
    version     2.0; 
    format      ascii; 
    class       dictionary; 
    location    "system"; 
    object      controlDict; 
} 
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * // 
 





startFrom       startTime; 
 
startTime       0; 
 
stopAt          endTime; 
 
endTime         200; 
 
deltaT          1e-02; 
 
writeControl    runTime; 
 
writeInterval   1; 
 
purgeWrite      0; 
 
writeFormat     ascii; 
 




timeFormat      general; 
 




adjustTimeStep  yes; 
 
maxCo           0.5; 
 






A.3  Example of “fvSchemes” 
FoamFile 
{ 
    version     2.0; 
    format      ascii; 
    class       dictionary; 
    location    "system"; 
    object      fvSchemes; 
} 
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * // 
 

















    default         none; 










    default         linear; 
    reconstruct(rho) vanLeer; 
    reconstruct(U)  vanLeerV; 





    default         corrected; 
} 
 




    version     2.0; 
    format      ascii; 
    class       dictionary; 
    location    "system"; 
    object      fvSolution; 
} 




    "(rho|rhoU|rhoE)" 
    { 
        solver          diagonal; 
    } 
 
    U 
    { 
        solver          smoothSolver; 
        smoother        GaussSeidel; 
        nSweeps         2; 
        tolerance       1e-09; 
        relTol          0.01; 
    } 
 
    h 
    { 
        $U; 
        tolerance       1e-10; 
        relTol          0; 






A.5  Example of “forceCoeffsComp” file 
 
patches     (airfoil); 
 
magUInf     0.6; 
rhoInf      1.4; 
lRef        1; 
Aref        .1; 
 
liftDir     (0 1 0); 
dragDir     (1 0 0); 
 
CofR        (0 0 0); 
pitchAxis   (0 0 -1); 
 
 #includeEtc "caseDicts/postProcessing/forces/forceCoeffsCompressible.cfg" 
 
A.6 Example of “U” file 
FoamFile 
{ 
    version     2.0; 
    format      ascii; 
    class       volVectorField; 
    object      U; 
} 
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * // 
 
dimensions      [0 1 -1 0 0 0 0]; 
 




    front 
    { 
        type            freestream; 
        freestreamValue           uniform (0.79951266161639023 0.027919597330110946 0); 
    } 
 
    back 
    { 
        type            freestream; 
        freestreamValue           uniform (0.79951266161639023 0.027919597330110946 0); 
    } 
 
    airfoil 
    { 
        type            slip; 
    } 
 
    sides 
    { 
        type            empty; 






A.7  Example of “T” 
FoamFile 
{ 
    version     2.0; 
    format      ascii; 
    class       volScalarField; 
    object      T; 
} 
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * // 
 
dimensions      [0 0 0 1 0 0 0]; 
 




    front 
    { 
        type            fixedValue; 
        value           uniform 1; 
    } 
 
    back 
    { 
        type            fixedValue; 
        value           uniform 1; 
    } 
 
    airfoil 
    { 
        type            zeroGradient; 
    } 
 
    sides 
    { 
        type            empty; 
    } 
} 
 




    version     2.0; 
    format      ascii; 
    class       volScalarField; 
    object      p; 
} 
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * // 
 
dimensions      [1 -1 -2 0 0 0 0]; 
 




    front 
    { 
        type           freestreamPressure; 





    back 
    { 
        type           freestreamPressure; 
    } 
 
    airfoil 
    { 
        type            zeroGradient; 
    } 
 
    sides 
    { 
        type            empty; 








    version     2.0; 
    format      ascii; 
    class       dictionary; 
    location    "system"; 
    object      controlDict; 
} 
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * // 
 
application     rhoCentralFoam; 
 
startFrom       startTime; 
 
startTime       0; 
 
stopAt          endTime; 
 
endTime         100; 
 
deltaT          1e-02; 
 
writeControl    runTime; 
 
writeInterval   1; 
 
purgeWrite      0; 
 
writeFormat     ascii; 
 




timeFormat      general; 
 









maxCo           0.5; 
 





  { 
type        writeCellVolumes; 








AeroCAT Input File 
B.1 Example AeroCAT Input File for Mach 0.7 
{ 
    "AR": 8, 
    "Aero_Center_yn": "n", 
    "AoA_max": 6, 
    "AoA_min": -6, 
    "CFD_parallel_nodes": 1, 
    "CFD_parallel_yn": "n", 
    "Chord": 1.0, 
    "Convergence": 1.0, 
    "Dihedral": 0, 
    "Mesh_density": "fine", 
    "Mesh_dim": 2, 
    "NACA": 2412, 
    "Semi_span": 20, 
    "Sol_freq": 1, 
    "Sweep": 0, 
    "TR": 1, 
    "Velocity": 0.7, 
    "Viscosity": 1.0, 
    "Washout": 0, 
    "airfoil_data": "airfoil.dat", 
    "airfoil_type": 1, 
    "chord_bl2ff": 150, 
    "flap_deg": 10.0, 
    "flap_hinge": 3, 
    "flap_len": 0.2, 
    "flap_yn": "n", 
    "jk_lift": 0.261, 
    "jk_thick": 0.12, 
    "node_airfoil": 200, 
    "node_behind": 50, 
    "node_bl2ff": 150, 
    "node_boundary": 10, 
    "node_endcap": 10, 
    "plot_show": "n", 








Viscous General Aerodynamic Center Solution in Fortran Form 
C.1  Aerodynamic center location in the x direction 
            Xac =(-12*CL0a*Cm0a - (3*CD0**2 + 4*(2 + 2*CD0L**2 + CD0*CD0L2)*CL0a**2 + 15*CD0L2**2*CL0a**4)*CmN -  
     -    4*(4*CL0a*Cm0a + CD0**2*CmN + (2 + 2*CD0L**2 + CD0*CD0L2)*CL0a**2*CmN)*Cos(2*aL0) -  
     -    (4*CL0a*Cm0a + CD0**2*CmN)*Cos(4*aL0) + 12*CD0L2*CL0a**2*CmN*Cos(2*aL0)*(CD0 + CD0L2*CL0a**2 + CD0*Cos(2*aL0))* 
     -     Cos(2*aoa) + 3*CD0L2**2*CL0a**4*CmN*Cos(4*aL0)*Cos(4*aoa) + 6*CD0L2*CL0a**2*Cm0a*Cos(aL0)**2*Cos(2*aL0)*Cos(5*aoa) -  
     -    6*Cos(aL0)*Cos(aoa)*((3*CD0*(Cm0a + CL0a*CmN) - CD0L2*CL0a**2*(Cm0a + 3*CL0a*CmN))*Cos(aL0) +  
     -       (CD0*Cm0a - 3*CD0L2*CL0a**2*Cm0a + CD0*CL0a*CmN)*Cos(3*aL0) -  
     -       CD0L*CL0a*CmN*(2*CD0 + 7*CD0L2*CL0a**2 + 2*CD0*Cos(2*aL0))*Sin(aL0)) + 8*CD0L*CL0a*Cm0a*Sin(2*aL0) +  
     -    Cos(aL0)*Cos(3*aoa)*(3*(2*CD0 + CD0L2*CL0a**2)*Cm0a*Cos(aL0) +  
     -       (2*CD0*Cm0a - CD0L2*CL0a**2*(Cm0a + 2*CL0a*CmN))*Cos(3*aL0) + 2*CD0L*CD0L2*CL0a**3*CmN*Sin(3*aL0)) +  
     -    4*CD0L*CL0a*Cm0a*Sin(4*aL0) - 6*CL0a*Cos(aL0)* 
     -     (CD0L*(3*CD0 + 7*CD0L2*CL0a**2)*CmN*Cos(aL0) + CD0*CD0L*CmN*Cos(3*aL0) +  
     -       (CD0*CmN - CD0L2*CL0a*(2*Cm0a + 3*CL0a*CmN))*Sin(aL0) + (-2*CD0L2*CL0a*Cm0a + CD0*CmN)*Sin(3*aL0))*Sin(aoa) +  
     -    12*CD0L2*CL0a**2*CmN*(CD0 + CD0L2*CL0a**2 + CD0*Cos(2*aL0))*Sin(2*aL0)*Sin(2*aoa) -  
     -    CD0L2*CL0a**2*Cos(aL0)*(2*CD0L*CL0a*CmN*Cos(3*aL0) + Cm0a*Sin(aL0) + (Cm0a + 2*CL0a*CmN)*Sin(3*aL0))*Sin(3*aoa) +  
     -    3*CD0L2**2*CL0a**4*CmN*Sin(4*aL0)*Sin(4*aoa) + 12*CD0L2*CL0a**2*Cm0a*Cos(aL0)**3*Sin(aL0)*Sin(5*aoa))/ 
     -    (3*CD0**2 + 4*(2 + 2*CD0L**2 + CD0*CD0L2)*CL0a**2 + 15*CD0L2**2*CL0a**4 + 4*CD0**2*Cos(2*aL0) + 8*CL0a**2*Cos(2*aL0) +  
     -    8*CD0L**2*CL0a**2*Cos(2*aL0) + 4*CD0*CD0L2*CL0a**2*Cos(2*aL0) + CD0**2*Cos(4*aL0) +  
     -    CD0L2*CL0a**3*Cos(2*aL0 - 3*aoa) + CD0L2*CL0a**3*Cos(4*aL0 - 3*aoa) + 9*CD0*CL0a*Cos(2*aL0 - aoa) -  
     -    9*CD0L2*CL0a**3*Cos(2*aL0 - aoa) + 3*CD0*CL0a*Cos(4*aL0 - aoa) + 9*CL0a*(CD0 - CD0L2*CL0a**2)*Cos(aoa) -  
     -    6*CD0*CD0L2*CL0a**2*Cos(2*aoa) - 6*CD0*CD0L2*CL0a**2*Cos(2*(-2*aL0 + aoa)) -  
     -    12*CD0*CD0L2*CL0a**2*Cos(2*(-aL0 + aoa)) - 12*CD0L2**2*CL0a**4*Cos(2*(-aL0 + aoa)) -  
     -    3*CD0L2**2*CL0a**4*Cos(4*(-aL0 + aoa)) + 3*CD0*CL0a*Cos(2*aL0 + aoa) - CD0L*CD0L2*CL0a**3*Sin(2*aL0 - 3*aoa) -  
     -    CD0L*CD0L2*CL0a**3*Sin(4*aL0 - 3*aoa) - 9*CD0*CD0L*CL0a*Sin(2*aL0 - aoa) - 21*CD0L*CD0L2*CL0a**3*Sin(2*aL0 - aoa) -  
     -    3*CD0*CD0L*CL0a*Sin(4*aL0 - aoa) + 9*CD0*CD0L*CL0a*Sin(aoa) + 21*CD0L*CD0L2*CL0a**3*Sin(aoa) +  
     -    3*CD0*CD0L*CL0a*Sin(2*aL0 + aoa)) 
 
 
C.2 Aerodynamic center location in the y direction 
          Yac = (3*CD0**2*CmA + CL0a*(12*CD0L*Cm0a + CL0a*(8 + 8*CD0L**2 + 4*CD0*CD0L2 + 15*CD0L2**2*CL0a**2)*CmA) +  
     -    16*CD0L*CL0a*Cm0a*Cos(2*aL0) + 4*CD0**2*CmA*Cos(2*aL0) + 8*CL0a**2*CmA*Cos(2*aL0) +  
     -    8*CD0L**2*CL0a**2*CmA*Cos(2*aL0) + 4*CD0*CD0L2*CL0a**2*CmA*Cos(2*aL0) + 4*CD0L*CL0a*Cm0a*Cos(4*aL0) +  
     -    CD0**2*CmA*Cos(4*aL0) - 12*CD0L2*CL0a**2*CmA*Cos(2*aL0)*(CD0 + CD0L2*CL0a**2 + CD0*Cos(2*aL0))*Cos(2*aoa) -  
     -    3*CD0L2**2*CL0a**4*CmA*Cos(4*aL0)*Cos(4*aoa) - 12*CD0L2*CL0a**2*Cm0a*Cos(aL0)**3*Cos(5*aoa)*Sin(aL0) +  
     -    8*CL0a*Cm0a*Sin(2*aL0) - 6*CL0a*Cos(aL0)*Cos(aoa)* 
     -     (-3*(CD0 - CD0L2*CL0a**2)*CmA*Cos(aL0) - CD0*CmA*Cos(3*aL0) +  
     -       (2*CD0L2*CL0a*Cm0a + CD0L*(CD0 + 7*CD0L2*CL0a**2)*CmA)*Sin(aL0) + (2*CD0L2*CL0a*Cm0a + CD0*CD0L*CmA)*Sin(3*aL0)) -  
     -    CD0L2*CL0a**2*Cos(aL0)*Cos(3*aoa)*(-2*CL0a*CmA*Cos(3*aL0) + Cm0a*Sin(aL0) + (Cm0a + 2*CD0L*CL0a*CmA)*Sin(3*aL0)) +  
     -    4*CL0a*Cm0a*Sin(4*aL0) + 6*Cos(aL0)*((3*CD0*(Cm0a + CD0L*CL0a*CmA) + CD0L2*CL0a**2*(5*Cm0a + 7*CD0L*CL0a*CmA))* 
     -        Cos(aL0) + (3*CD0L2*CL0a**2*Cm0a + CD0*(Cm0a + CD0L*CL0a*CmA))*Cos(3*aL0) +  
     -       CL0a*(CD0 - 3*CD0L2*CL0a**2)*CmA*Sin(aL0) + CD0*CL0a*CmA*Sin(3*aL0))*Sin(aoa) -  
     -    12*CD0L2*CL0a**2*CmA*(CD0 + CD0L2*CL0a**2 + CD0*Cos(2*aL0))*Sin(2*aL0)*Sin(2*aoa) +  
     -    Cos(aL0)*((6*CD0 + 5*CD0L2*CL0a**2)*Cm0a*Cos(aL0) +  
     -       (2*CD0*Cm0a + CD0L2*CL0a**2*(Cm0a + 2*CD0L*CL0a*CmA))*Cos(3*aL0) + 2*CD0L2*CL0a**3*CmA*Sin(3*aL0))*Sin(3*aoa) -  
     -    3*CD0L2**2*CL0a**4*CmA*Sin(4*aL0)*Sin(4*aoa) + 6*CD0L2*CL0a**2*Cm0a*Cos(aL0)**2*Cos(2*aL0)*Sin(5*aoa))/ 
     -    (3*CD0**2 + 4*(2 + 2*CD0L**2 + CD0*CD0L2)*CL0a**2 + 15*CD0L2**2*CL0a**4 + 4*CD0**2*Cos(2*aL0) + 8*CL0a**2*Cos(2*aL0) +  
     -    8*CD0L**2*CL0a**2*Cos(2*aL0) + 4*CD0*CD0L2*CL0a**2*Cos(2*aL0) + CD0**2*Cos(4*aL0) +  
     -    CD0L2*CL0a**3*Cos(2*aL0 - 3*aoa) + CD0L2*CL0a**3*Cos(4*aL0 - 3*aoa) + 9*CD0*CL0a*Cos(2*aL0 - aoa) -  
     -    9*CD0L2*CL0a**3*Cos(2*aL0 - aoa) + 3*CD0*CL0a*Cos(4*aL0 - aoa) + 9*CL0a*(CD0 - CD0L2*CL0a**2)*Cos(aoa) -  
     -    6*CD0*CD0L2*CL0a**2*Cos(2*aoa) - 6*CD0*CD0L2*CL0a**2*Cos(2*(-2*aL0 + aoa)) -  
     -    12*CD0*CD0L2*CL0a**2*Cos(2*(-aL0 + aoa)) - 12*CD0L2**2*CL0a**4*Cos(2*(-aL0 + aoa)) -  
     -    3*CD0L2**2*CL0a**4*Cos(4*(-aL0 + aoa)) + 3*CD0*CL0a*Cos(2*aL0 + aoa) - CD0L*CD0L2*CL0a**3*Sin(2*aL0 - 3*aoa) -  
     -    CD0L*CD0L2*CL0a**3*Sin(4*aL0 - 3*aoa) - 9*CD0*CD0L*CL0a*Sin(2*aL0 - aoa) - 21*CD0L*CD0L2*CL0a**3*Sin(2*aL0 - aoa) -  
     -    3*CD0*CD0L*CL0a*Sin(4*aL0 - aoa) + 9*CD0*CD0L*CL0a*Sin(aoa) + 21*CD0L*CD0L2*CL0a**3*Sin(aoa) +  
     -    3*CD0*CD0L*CL0a*Sin(2*aL0 + aoa)) 
 
 
C.3 Moment coefficient at the aerodynamic center 
 
         Cmac = (Cm0a*(2*CL0a*Cos(aL0)*Cos(3*aoa)*(3*CD0L*(CD0 - 3*CD0L2*CL0a**2)*Cos(aL0) + CD0*CD0L*Cos(3*aL0) +  
     -         (-2*CD0 + 7*CD0L2*CL0a**2 - 2*CD0*Cos(2*aL0))*Sin(aL0)) -  
     -      6*CL0a*Cos(aL0)*Cos(aoa)*(CD0L*(9*CD0 + 5*CD0L2*CL0a**2)*Cos(aL0) + CD0L*(3*CD0 - 7*CD0L2*CL0a**2)*Cos(3*aL0) +  
     -         (CD0 + CD0L2*CL0a**2)*Sin(aL0) + (CD0 + 3*CD0L2*CL0a**2)*Sin(3*aL0)) - 3*CL0a*(3*CD0 + CD0L2*CL0a**2)*Sin(aoa) +  
     -      6*(-3*CD0**2 - 4*CD0*CD0L2*CL0a**2 + CD0L2**2*CL0a**4)*Sin(2*aoa) + CL0a*(3*CD0 - 7*CD0L2*CL0a**2)*Sin(3*aoa) -  
     -      6*CD0*CD0L2*CL0a**2*Sin(4*aoa) + CL0a*Sin(4*aL0)* 
     -       (2*(4 + 4*CD0L**2 + 5*CD0*CD0L2)*CL0a - 15*CD0L2**2*CL0a**3*Cos(2*aoa) + 6*CD0*CD0L2*CL0a*Cos(4*aoa) -  
     -         3*CD0L2*CL0a**2*Cos(5*aoa) - CD0L2**2*CL0a**3*Cos(6*aoa) + 3*CD0L*(3*CD0 + 7*CD0L2*CL0a**2)*Sin(aoa) +  




     -      Cos(2*aL0)*(3*CD0L*CD0L2*CL0a**3*Cos(5*aoa) + 6*CL0a*(-2*CD0 + CD0L2*CL0a**2)*Sin(aoa) -  
     -         24*CD0*(CD0 + CD0L2*CL0a**2)*Sin(2*aoa) + CL0a*(4*CD0 - 7*CD0L2*CL0a**2)*Sin(3*aoa) -  
     -         12*CD0L2*CL0a**2*(CD0 + CD0L2*CL0a**2)*Sin(4*aoa) + 3*CD0L2*CL0a**3*Sin(5*aoa)) +  
     -      CL0a*Sin(2*aL0)*(4*CL0a*(4 + 4*CD0L**2 + 5*CD0L2*(CD0 + CD0L2*CL0a**2)) +  
     -         12*CD0L2*CL0a*(CD0 + CD0L2*CL0a**2)*Cos(4*aoa) - 3*CD0L2*CL0a**2*Cos(5*aoa) + 18*CD0*CD0L*Sin(aoa) +  
     -         CD0L*(2*CD0*Sin(3*aoa) + 3*CD0L2*CL0a**2*(12*Sin(aoa) - 3*Sin(3*aoa) + Sin(5*aoa)))) +  
     -      Cos(4*aL0)*(3*CD0L*CD0L2*CL0a**3*Cos(5*aoa) - 3*CL0a*(CD0 - 3*CD0L2*CL0a**2)*Sin(aoa) +  
     -         3*(-2*CD0**2 + 5*CD0L2**2*CL0a**4)*Sin(2*aoa) + CD0*CL0a*Sin(3*aoa) - 6*CD0*CD0L2*CL0a**2*Sin(4*aoa) +  
     -         3*CD0L2*CL0a**3*Sin(5*aoa) + CD0L2**2*CL0a**4*Sin(6*aoa))))/ 
     -      (2.*(3*CD0**2 + 4*(2 + 2*CD0L**2 + CD0*CD0L2)*CL0a**2 + 15*CD0L2**2*CL0a**4 + 4*CD0**2*Cos(2*aL0) +  
     -      8*CL0a**2*Cos(2*aL0) + 8*CD0L**2*CL0a**2*Cos(2*aL0) + 4*CD0*CD0L2*CL0a**2*Cos(2*aL0) + CD0**2*Cos(4*aL0) +  
     -      CD0L2*CL0a**3*Cos(2*aL0 - 3*aoa) + CD0L2*CL0a**3*Cos(4*aL0 - 3*aoa) + 9*CD0*CL0a*Cos(2*aL0 - aoa) -  
     -      9*CD0L2*CL0a**3*Cos(2*aL0 - aoa) + 3*CD0*CL0a*Cos(4*aL0 - aoa) + 9*CL0a*(CD0 - CD0L2*CL0a**2)*Cos(aoa) -  
     -      6*CD0*CD0L2*CL0a**2*Cos(2*aoa) - 6*CD0*CD0L2*CL0a**2*Cos(2*(-2*aL0 + aoa)) -  
     -      12*CD0*CD0L2*CL0a**2*Cos(2*(-aL0 + aoa)) - 12*CD0L2**2*CL0a**4*Cos(2*(-aL0 + aoa)) -  
     -      3*CD0L2**2*CL0a**4*Cos(4*(-aL0 + aoa)) + 3*CD0*CL0a*Cos(2*aL0 + aoa) - CD0L*CD0L2*CL0a**3*Sin(2*aL0 - 3*aoa) -  
     -      CD0L*CD0L2*CL0a**3*Sin(4*aL0 - 3*aoa) - 9*CD0*CD0L*CL0a*Sin(2*aL0 - aoa) - 21*CD0L*CD0L2*CL0a**3*Sin(2*aL0 - aoa) -  
     -      3*CD0*CD0L*CL0a*Sin(4*aL0 - aoa) + 9*CD0*CD0L*CL0a*Sin(aoa) + 21*CD0L*CD0L2*CL0a**3*Sin(aoa) +  











MA02 Cl           Cd           cmLE           
AOA coarse medium fine Rich. PG KT coarse medium fine Rich,. PG KT coarse medium fine Rich. PG KT 
-6 -0.3825 -0.4425 -0.4641 -0.4762 -0.4746 -0.4682 0.05056 0.00858 0.00146 0.00001 0 0.00064 0.0578 0.0609 0.0665 0.0734 0.0696 0.0696 
-5 -0.2878 -0.3282 -0.3437 -0.3533 -0.3516 -0.3468 0.04244 0.00692 0.00122 0.00013 0 -0.00015 0.0309 0.0316 0.0356 0.0364 0.0378 0.0378 
-4 -0.1897 -0.2124 -0.2231 -0.2326 -0.2284 -0.2252 0.03590 0.00556 0.00077 -0.00012 0 -0.00096 0.0040 0.0017 0.0045 0.0174 0.0059 0.0059 
-3 -0.0895 -0.0969 -0.1023 -0.1169 -0.1051 -0.1034 0.03081 0.00461 0.00061 -0.00011 0 -0.00172 -0.0235 -0.0281 -0.0269 -0.0265 -0.0261 -0.0262 
-2 0.0123 0.0197 0.0187 0.0185 0.0182 0.0186 0.02710 0.00397 0.00057 -0.00002 0 -0.00237 -0.0508 -0.0583 -0.0585 -0.0585 -0.0583 -0.0584 
-1 0.1145 0.1366 0.1392 0.1395 0.1414 0.1409 0.02484 0.00365 0.00052 -0.00003 0 -0.00286 -0.0780 -0.0887 -0.0899 -0.0901 -0.0905 -0.0906 
0 0.2165 0.2540 0.2603 0.2616 0.2647 0.2635 0.02419 0.00359 0.00062 0.00012 0 -0.00316 -0.1048 -0.1192 -0.1216 -0.1221 -0.1227 -0.1229 
1 0.3195 0.3714 0.3812 0.3835 0.3878 0.3865 0.02474 0.00392 0.00085 0.00032 0 -0.00324 -0.1321 -0.1497 -0.1532 -0.1541 -0.1549 -0.1552 
2 0.4218 0.4881 0.5017 0.5052 0.5109 0.5097 0.02656 0.00452 0.00115 0.00055 0 -0.00309 -0.1592 -0.1799 -0.1846 -0.1860 -0.1870 -0.1874 
3 0.5229 0.6044 0.6222 0.6272 0.6338 0.6333 0.02998 0.00548 0.00153 0.00077 0 -0.00271 -0.1858 -0.2100 -0.2159 -0.2178 -0.2190 -0.2196 
4 0.6227 0.7198 0.7426 0.7496 0.7564 0.7573 0.03488 0.00686 0.00205 0.00106 0 -0.00211 -0.2122 -0.2397 -0.2472 -0.2500 -0.2509 -0.2516 
5 0.7193 0.8344 0.8626 0.8717 0.8789 0.8817 0.04113 0.00835 0.00259 0.00135 0 -0.00132 -0.2375 -0.2689 -0.2781 -0.2819 -0.2827 -0.2836 
6 0.8120 0.9476 0.9942 0.9943 1.0011 1.0066 0.04869 0.01027 0.00331 0.00177 0 -0.00038 -0.2616 -0.2974 -0.3088 -0.3141 -0.3142 -0.3153 
 
MA01 Cl           Cd           cmle           
AOA coarse med. fine Rich. PG KT coarse med. fine Rich. PG KT coarse med. fine Rich. PG KT 
-6 -0.3766 -0.4138 -0.4439 -0.5714 -0.4674 -0.4573 0.07625 0.01615 0.00339 -0.00005 0 0.00196 0.0661 0.0556 0.0623 0.0741 0.0685 0.0682 
-5 -0.2833 -0.3070 -0.3286 -0.5504 -0.3462 -0.3390 0.06543 0.01316 0.00256 -0.00013 0 0.00072 0.0378 0.0278 0.0324 0.0363 0.0373 0.0370 
-4 -0.1931 -0.1987 -0.2132 -0.2223 -0.2249 -0.2203 0.05713 0.01078 0.00181 -0.00034 0 -0.00039 0.0120 -0.0002 0.0027 0.0036 0.0058 0.0057 
-3 -0.0990 -0.0902 -0.0974 -0.1298 -0.1035 -0.1011 0.05026 0.00913 0.00132 -0.00051 0 -0.00134 -0.0152 -0.0284 -0.0275 -0.0274 -0.0257 -0.0258 
-2 -0.0034 0.0189 0.0182 0.0182 0.0179 0.0184 0.04525 0.00777 0.00115 -0.00027 0 -0.00210 -0.0424 -0.0568 -0.0573 -0.0573 -0.0574 -0.0574 
-1 0.0909 0.1293 0.1340 0.1347 0.1393 0.1383 0.04245 0.00725 0.00115 -0.00012 0 -0.00264 -0.0684 -0.0854 -0.0878 -0.0882 -0.0891 -0.0890 
0 0.1841 0.2396 0.2504 0.2530 0.2606 0.2585 0.04144 0.00719 0.00140 0.00021 0 -0.00295 -0.0937 -0.1139 -0.1182 -0.1194 -0.1208 -0.1207 
1 0.2772 0.3497 0.3663 0.3712 0.3819 0.3790 0.04233 0.00770 0.00181 0.00061 0 -0.00299 -0.1187 -0.1424 -0.1484 -0.1504 -0.1525 -0.1523 
2 0.3720 0.4603 0.4822 0.4894 0.5031 0.4997 0.04449 0.00871 0.00240 0.00105 0 -0.00276 -0.1449 -0.1711 -0.1787 -0.1818 -0.1842 -0.1840 
3 0.4664 0.5698 0.5977 0.6080 0.6241 0.6207 0.04882 0.01039 0.00320 0.00154 0 -0.00225 -0.1712 -0.1994 -0.2085 -0.2128 -0.2157 -0.2155 
4 0.5593 0.6780 0.7129 0.7274 0.7449 0.7418 0.05522 0.01271 0.00424 0.00213 0 -0.00143 -0.1970 -0.2272 -0.2385 -0.2453 -0.2471 -0.2469 
5 0.6505 0.7851 0.8274 0.8468 0.8655 0.8631 0.06357 0.01527 0.00542 0.00289 0 -0.00030 -0.2226 -0.2544 -0.2679 -0.2779 -0.2783 -0.2782 
















MA03 Cl           Cd           cmLE           
AOA coarse medium fine Rich. PG KT coarse medium fine Rich. PG KT coarse medium fine Rich. PG KT 
-6 -0.3962 -0.4654 -0.4831 -0.4892 -0.4875 -0.4881 0.03946 0.00607 0.00104 0.00015 0 -0.00192 0.0547 0.0648 0.0695 0.0736 0.0715 0.0722 
-5 -0.2978 -0.3448 -0.3575 -0.3622 -0.3611 -0.3610 0.00005 0.00484 0.00075 -0.02323 0 -0.00181 0.0285 0.0341 0.0374 0.0421 0.0389 0.0393 
-4 -0.1940 -0.2235 -0.2320 -0.2354 -0.2346 -0.2342 0.02748 0.00385 0.00054 0.00000 0 -0.00204 0.0007 0.0030 0.0051 0.0271 0.0061 0.0063 
-3 -0.0884 -0.1018 -0.1065 -0.1090 -0.1080 -0.1077 0.02327 0.00315 0.00038 -0.00006 0 -0.00243 -0.0274 -0.0285 -0.0274 0.0031 -0.0268 -0.0268 
-2 0.0191 0.0204 0.0192 0.0048 0.0187 0.0189 0.02020 0.00267 0.00032 -0.00004 0 -0.00287 -0.0560 -0.0602 -0.0602 -0.0602 -0.0598 -0.0601 
-1 0.1282 0.1428 0.1446 0.1449 0.1453 0.1456 0.01826 0.00247 0.00033 -0.00001 0 -0.00327 -0.0846 -0.0920 -0.0928 -0.0929 -0.0929 -0.0935 
0 0.2377 0.2655 0.2701 0.2710 0.2719 0.2726 0.01775 0.00242 0.00040 0.00010 0 -0.00355 -0.1133 -0.1239 -0.1257 -0.1261 -0.1260 -0.1268 
1 0.3465 0.3882 0.3956 0.3972 0.3983 0.3999 0.01828 0.00259 0.00055 0.00025 0 -0.00369 -0.1416 -0.1559 -0.1584 -0.1589 -0.1591 -0.1602 
2 0.4557 0.5105 0.5210 0.5235 0.5247 0.5277 0.01981 0.00310 0.00078 0.00041 0 -0.00369 -0.1702 -0.1876 -0.1912 -0.1921 -0.1921 -0.1936 
3 0.5633 0.6323 0.6463 0.6499 0.6509 0.6561 0.02274 0.00386 0.00106 0.00057 0 -0.00357 -0.1981 -0.2191 -0.2237 -0.2250 -0.2250 -0.2269 
4 0.6685 0.7538 0.7715 0.7761 0.7770 0.7853 0.02684 0.00477 0.00144 0.00084 0 -0.00340 -0.2253 -0.2503 -0.2561 -0.2579 -0.2577 -0.2602 
5 0.7706 0.8745 0.8966 0.9026 0.9027 0.9155 0.03198 0.00599 0.00188 0.00111 0 -0.00327 -0.2512 -0.2810 -0.2882 -0.2905 -0.2903 -0.2933 










MA04 Cl           Cd           cmLE           
AOA coarse medium fine Rich. PG KT coarse medium fine Rich. PG KT coarse medium fine Rich. PG KT 
-6 -0.4169 -0.4932 -0.5096 -0.5141 -0.5074 -0.5205 0.03422 0.00509 0.00084 0.00012 0 -0.00652 0.0545 0.0687 0.0730 0.0749 0.0744 0.0764 
-5 -0.3117 -0.3651 -0.3760 -0.3788 -0.3758 -0.3839 0.02826 0.00399 0.00062 0.00008 0 -0.00471 0.0274 0.0365 0.0393 0.0405 0.0405 0.0418 
-4 -0.2028 -0.2365 -0.2443 -0.2466 -0.2442 -0.2487 0.02345 0.00313 0.00040 -0.00002 0 -0.00387 -0.0010 0.0037 0.0056 0.0069 0.0063 0.0070 
-3 -0.0908 -0.1075 -0.1119 -0.1135 -0.1124 -0.1144 0.01967 0.00249 0.00028 -0.00004 0 -0.00362 -0.0304 -0.0295 -0.0286 6.5454 -0.0279 -0.0279 
-2 0.0237 0.0215 0.0202 0.0183 0.0194 0.0194 0.01697 0.00212 0.00023 -0.00005 0 -0.00370 -0.0603 -0.0630 -0.0629 -0.0629 -0.0623 -0.0629 
-1 0.1406 0.1508 0.1521 0.1523 0.1512 0.1530 0.01513 0.00188 0.00023 0.00000 0 -0.00392 -0.0912 -0.0966 -0.0973 -0.0974 -0.0967 -0.0979 
0 0.2563 0.2803 0.2842 0.2850 0.2830 0.2868 0.01477 0.00192 0.00030 0.00007 0 -0.00418 -0.1211 -0.1303 -0.1318 -0.1321 -0.1312 -0.1330 
1 0.3731 0.4100 0.4161 0.4173 0.4146 0.4211 0.01523 0.00205 0.00043 0.00020 0 -0.00443 -0.1515 -0.1641 -0.1662 -0.1666 -0.1656 -0.1682 
2 0.4893 0.5393 0.5482 0.5501 0.5461 0.5561 0.01663 0.00250 0.00062 0.00034 0 -0.00468 -0.1817 -0.1976 -0.2007 -0.2015 -0.1999 -0.2034 
3 0.6041 0.6682 0.6804 0.6833 0.6775 0.6923 0.01934 0.00310 0.00087 0.00051 0 -0.00502 -0.2113 -0.2309 -0.2349 -0.2359 -0.2342 -0.2385 
4 0.7157 0.7972 0.8127 0.8163 0.8087 0.8300 0.02322 0.00390 0.00118 0.00073 0 -0.00560 -0.2397 -0.2639 -0.2689 -0.2702 -0.2683 -0.2736 
5 0.8250 0.9257 0.9453 0.9500 0.9396 0.9695 0.02775 0.00494 0.00156 0.00098 0 -0.00665 -0.2671 -0.2963 -0.3026 -0.3043 -0.3022 -0.3086 




MA05 Cl           Cd           CmLE           
AOA coarse medium fine Rich. PG KT coarse medium fine Rich. PG KT coarse medium fine Rich. PG KT 
-6 -0.4458 -0.5302 -0.5415 -0.5432 -0.5370 -0.5728 0.03328 0.00606 0.00236 0.00179 0 -0.01505 0.0565 0.0717 0.0730 0.0731 0.0787 0.0828 
-5 -0.3334 -0.3946 -0.4065 -0.4094 -0.3978 -0.4204 0.02692 0.00382 0.00057 0.00004 0 -0.00986 0.0280 0.0392 0.0419 0.0428 0.0428 0.0455 
-4 -0.2156 -0.2550 -0.2629 -0.2649 -0.2584 -0.2716 0.02198 0.00290 0.00037 -0.00001 0 -0.00700 -0.0023 0.0042 0.0061 0.0069 0.0067 0.0081 
-3 -0.0940 -0.1157 -0.1202 -0.1214 -0.1189 -0.1251 0.01821 0.00224 0.00024 -0.00004 0 -0.00558 -0.0340 -0.0313 -0.0303 -0.0297 -0.0295 -0.0294 
-2 0.0297 0.0234 0.0220 0.0216 0.0205 0.0199 0.01552 0.00188 0.00019 -0.00005 0 -0.00502 -0.0663 -0.0672 -0.0671 -0.0671 -0.0659 -0.0670 
-1 0.1545 0.1627 0.1637 0.1638 0.1600 0.1642 0.01379 0.00163 0.00019 0.00000 0 -0.00496 -0.0988 -0.1034 -0.1040 -0.1041 -0.1023 -0.1047 
0 0.2797 0.3019 0.3056 0.3063 0.2994 0.3085 0.01348 0.00167 0.00026 0.00007 0 -0.00518 -0.1312 -0.1397 -0.1410 -0.1412 -0.1388 -0.1424 
1 0.4066 0.4417 0.4475 0.4486 0.4388 0.4535 0.01394 0.00184 0.00039 0.00019 0 -0.00561 -0.1643 -0.1761 -0.1780 -0.1784 -0.1752 -0.1803 
2 0.5316 0.5816 0.5900 0.5917 0.5780 0.5998 0.01544 0.00226 0.00057 0.00032 0 -0.00630 -0.1967 -0.2123 -0.2150 -0.2156 -0.2116 -0.2182 
3 0.6557 0.7216 0.7330 0.7354 0.7170 0.7482 0.01818 0.00285 0.00081 0.00050 0 -0.00745 -0.2284 -0.2481 -0.2518 -0.2527 -0.2478 -0.2562 
4 0.7769 0.8621 0.8771 0.8803 0.8558 0.8993 0.02174 0.00365 0.00113 0.00072 0 -0.00939 -0.2590 -0.2836 -0.2882 -0.2893 -0.2839 -0.2942 
5 0.8947 1.0033 1.0226 1.0268 0.9944 1.0542 0.02683 0.00471 0.00150 0.00096 0 -0.01264 -0.2878 -0.3183 -0.3241 -0.3255 -0.3198 -0.3323 










MA06 Cl           Cd           cmLE           
AOA coarse medium fine Rich. PG KT coarse medium fine Rich. PG KT coarse medium fine Rich. PG KT 
-6 -0.4852 -0.5577 -0.5395 -0.5334 -0.5813 -0.6630 0.03919 0.02040 0.01765 0.01717 0 -0.03311 0.0587 0.0633 0.0527 0.0446 0.0852 0.0932 
-5 -0.3626 -0.4318 -0.4278 -0.4276 -0.4306 -0.4814 0.02980 0.00950 0.00693 0.00655 0 -0.01993 0.0283 0.0377 0.0323 0.0250 0.0464 0.0516 
-4 -0.2333 -0.2841 -0.2918 -0.2932 -0.2797 -0.3091 0.02330 0.00392 0.00131 0.00091 0 -0.01274 -0.0044 0.0039 0.0045 0.0045 0.0073 0.0100 
-3 -0.0985 -0.1286 -0.1341 -0.1353 -0.1288 -0.1426 0.01898 0.00242 0.00027 -0.00005 0 -0.00900 -0.0389 -0.0344 -0.0335 -0.0333 -0.0320 -0.0316 
-2 0.0372 0.0269 0.0250 0.0246 0.0222 0.0204 0.01570 0.00187 0.00019 -0.00004 0 -0.00724 -0.0741 -0.0740 -0.0739 0.6565 -0.0714 -0.0733 
-1 0.1752 0.1823 0.1830 0.1831 0.1732 0.1816 0.01391 0.00163 0.00018 -0.00002 0 -0.00666 -0.1102 -0.1143 -0.1148 -0.1149 -0.1108 -0.1151 
0 0.3143 0.3376 0.3412 0.3419 0.3242 0.3425 0.01368 0.00165 0.00027 0.00009 0 -0.00682 -0.1464 -0.1547 -0.1560 -0.1562 -0.1503 -0.1570 
1 0.4550 0.4941 0.5003 0.5015 0.4750 0.5044 0.01441 0.00191 0.00041 0.00020 0 -0.00759 -0.1831 -0.1953 -0.1973 -0.1977 -0.1897 -0.1991 
2 0.5954 0.6522 0.6613 0.6630 0.6257 0.6688 0.01625 0.00239 0.00063 0.00038 0 -0.00910 -0.2193 -0.2358 -0.2385 -0.2390 -0.2290 -0.2413 
3 0.7342 0.8126 0.8257 0.8283 0.7762 0.8370 0.01970 0.00322 0.00094 0.00057 0 -0.01176 -0.2544 -0.2758 -0.2793 -0.2800 -0.2683 -0.2838 
4 0.8715 0.9768 0.9943 0.9978 0.9265 1.0109 0.02450 0.00463 0.00172 0.00123 0 -0.01637 -0.2881 -0.3145 -0.3184 -0.3191 -0.3073 -0.3266 
5 1.0067 1.1381 1.1481 1.1489 1.0764 1.1928 0.03150 0.00961 0.00670 0.00625 0 -0.02422 -0.3201 -0.3488 -0.3488 -0.3488 -0.3462 -0.3696 























MA07 Cl           Cd           cmLE           
AOA coarse medium fine Rich. PG KT coarse medium fine Rich. PG KT coarse medium fine Rich. PG KT 
-6 -0.5532 -0.5989 -0.5993 -0.5993 -0.6512 -0.8515 0.06355 0.05539 0.05427 0.05409 0 -0.08551 0.0677 0.0655 0.0626 0.0535 0.0955 0.1121 
-5 -0.4181 -0.4620 -0.4638 -0.4639 -0.4823 -0.5990 0.04478 0.03384 0.03273 0.03261 0 -0.04446 0.0331 0.0290 0.0267 0.0238 0.0519 0.0626 
-4 -0.2636 -0.3157 -0.3128 -0.3126 -0.3133 -0.3783 0.03116 0.01722 0.01570 0.01551 0 -0.02515 -0.0063 -0.0058 -0.0099 -0.0105 0.0081 0.0137 
-3 -0.1081 -0.1504 -0.1494 -0.1494 -0.1442 -0.1744 0.02325 0.00649 0.00466 0.00443 0 -0.01575 -0.0463 -0.0428 -0.0462 -0.1618 -0.0358 -0.0349 
-2 0.0524 0.0346 0.0309 0.0299 -0.0388 -0.5384 0.01878 0.00267 0.00048 0.00014 0 -0.01137 -0.0878 -0.0869 -0.0870 -0.0870 -0.0799 -0.0835 
-1 0.2140 0.2218 0.2223 0.2223 0.1941 0.2106 0.01643 0.00207 0.00024 -0.00002 0 -0.00973 -0.1305 -0.1347 -0.1351 -0.1351 -0.1241 -0.1322 
0 0.3796 0.4113 0.4162 0.4171 0.3631 0.3998 0.01664 0.00241 0.00064 0.00038 0 -0.00979 -0.1746 -0.1836 -0.1848 -0.1850 -0.1683 -0.1811 
1 0.5480 0.6019 0.6041 0.6042 0.5321 0.5910 0.01962 0.00592 0.00435 0.00415 0 -0.01127 -0.2196 -0.2332 -0.2328 -0.2328 -0.2125 -0.2304 
2 0.7182 0.7756 0.7796 0.7799 0.7009 0.7871 0.02668 0.01525 0.01372 0.01349 0 -0.01450 -0.2663 -0.2803 -0.2805 -0.2805 -0.2566 -0.2802 
3 0.8764 0.9362 0.9388 0.9389 0.8695 0.9918 0.04056 0.03049 0.02876 0.02840 0 -0.02053 -0.3122 -0.3280 -0.3271 -0.3270 -0.3005 -0.3306 
4 1.0076 1.0716 1.0775 1.0781 1.0378 1.2098 0.05861 0.04979 0.04830 0.04799 0 -0.03148 -0.3514 -0.3690 -0.3695 -0.3695 -0.3443 -0.3819 
5 1.1195 1.1946 1.1979 1.1981 1.2059 1.4481 0.07958 0.07306 0.07139 0.07082 0 -0.05151 -0.3852 -0.4085 -0.4075 -0.4075 -0.3878 -0.4344 
6 1.2184 1.2917 1.2941 1.2942 1.3735 1.7196 0.10282 0.09785 0.09604 0.09500 0 -0.08953 -0.4152 -0.4380 -0.4361 -0.4359 -0.4310 -0.4883 
MA08 Cl           Cd           cmLE           
AOA coarse medium fine Rich. PG KT coarse medium fine Rich. PG KT coarse medium fine Rich. PG KT 
-6 -0.7557 -0.8863 -0.8951 -0.8957 -0.7751 -2.1382 0.12853 0.13558 0.13561 0.13561 0 -0.95335 0.2139 0.2840 0.2873 0.2875 0.1136 0.1692 
-5 -0.5668 -0.6938 -0.7036 -0.7044 -0.5741 -0.9446 0.09423 0.09713 0.09699 0.09698 0 -0.15642 0.1250 0.1873 0.1910 0.1912 0.0618 0.0885 
-4 -0.3549 -0.4623 -0.4717 -0.4726 -0.3729 -0.5489 0.06502 0.06186 0.06142 0.06134 0 -0.06459 0.0333 0.0794 0.0827 0.0830 0.0097 0.0230 
-3 -0.1286 -0.1956 -0.2052 -0.2068 -0.1717 -0.2485 0.04371 0.03476 0.03403 0.03397 0 -0.03333 -0.0535 -0.0317 -0.0290 -0.0286 -0.0427 -0.0401 
-2 0.1152 0.0819 0.0735 0.0707 0.0297 0.0166 0.03535 0.02281 0.02142 0.02125 0 -0.02086 -0.1403 -0.1386 -0.1366 -0.1253 -0.0951 -0.1026 
-1 0.3481 0.3437 0.3400 0.3205 0.2310 0.2671 0.04205 0.02723 0.02544 0.02520 0 -0.01637 -0.2314 -0.2384 -0.2382 -0.2382 -0.1477 -0.1650 
0 0.5616 0.5830 0.5778 0.5761 0.4322 0.5143 0.05823 0.04596 0.04351 0.04290 0 -0.01626 -0.3243 -0.3384 -0.3354 -0.3346 -0.2003 -0.2280 
1 0.7462 0.7747 0.7752 0.7752 0.6333 0.7667 0.08008 0.07006 0.06836 0.06801 0 -0.01972 -0.4082 -0.4234 -0.4229 -0.4229 -0.2529 -0.2921 
2 0.8941 0.9373 0.9369 0.9369 0.8343 1.0330 0.10378 0.09696 0.09518 0.09456 0 -0.02787 -0.4735 -0.4971 -0.4952 -0.4950 -0.3054 -0.3578 
3 1.0248 1.0691 1.0702 1.0702 1.0349 1.3248 0.12990 0.12441 0.12289 0.12230 0 -0.04436 -0.5310 -0.5540 -0.5529 -0.5528 -0.3577 -0.4259 
4 1.1304 1.1770 1.1823 1.1830 1.2353 1.6621 0.15590 0.15206 0.15120 0.15095 0 -0.07840 -0.5727 -0.5971 -0.5987 -0.5988 -0.4098 -0.4974 
5 1.2234 1.2728 1.2800 1.2812 1.4353 2.0899 0.18319 0.18081 0.18043 0.18036 0 -0.15696 -0.6077 -0.6337 -0.6366 -0.6370 -0.4616 -0.5743 
































MA aL0 Cl0a Cm0a CmN CmA 
0.1 -0.03747726 6.95127896 0.70384282 -0.46351704 0.01215588 
0.2 -0.03747726 6.95127896 0.70384282 -0.46351704 0.01215588 
0.3 -0.03747726 6.95127896 0.70384282 -0.46351704 0.01215588 
0.4 -0.03747726 6.95127896 0.70384282 -0.46351704 0.01215588 
0.5 -0.03747726 6.95127896 0.70384282 -0.46351704 0.01215588 
0.6 -0.03747726 6.95127896 0.70384282 -0.46351704 0.01215588 
0.7 -0.03747726 6.95127896 0.70384282 -0.46351704 0.01215588 
0.8 -0.03747726 6.95127896 0.70384282 -0.46351704 0.01215588 
MA aL0 Cl0a Cm0a CmN CmA 
0.1 -0.03783531 6.89618985 0.69894506 -0.46683288 -0.02471623 
0.2 -0.03776624 7.04786105 0.71430624 -0.46630441 -0.02589307 
0.3 -0.03763831 7.32309268 0.74225321 -0.46535253 -0.02800167 
0.4 -0.03742608 7.76511525 0.78733486 -0.46383818 -0.03132813 
0.5 -0.03707475 8.46239409 0.85895218 -0.46146439 -0.03625704 
0.6 -0.03645015 9.61492281 0.97834498 -0.4574204 -0.04237417 
0.7 -0.03510609 11.7971598 1.20276369 -0.44804189 -0.03851721 
0.8 -0.02646056 19.163997 1.20230727 -0.31123781 0.63595482 
MA aL0 Cl0a Cm0a CmN CmA 
0.1 -0.02646056 19.163997 1.20230727 -0.31123781 0.63595482 
0.2 -0.03760608 6.92038738 0.71439082 -0.4671074 0.01010897 
0.3 -0.03756031 7.19511793 0.73721181 -0.46524842 0.00923327 
0.4 -0.0375514 7.58329287 0.77404821 -0.46372373 0.00405743 
0.5 -0.03767668 8.18029603 0.83709445 -0.46173127 -0.01222862 
0.6 -0.03927455 8.92784525 0.94470842 -0.45852093 -0.08732641 
0.7 -0.04052934 9.57441251 0.92999308 -0.44189987 0.37232153 
0.8 -0.03609583 11.3746209 1.12991636 -0.60398034 0.51078537 
MA aL0 Cl0a Cm0a CmN CmA 
0.1 -0.03083 7.37535 0.77614 -0.44193 0.57514 
0.2 -0.0369 7.03883 0.71292 -0.46725 -0.00076 
0.3 -0.03718 7.26396 0.6249 -0.44596 -0.00271 
0.4 -0.03741 7.62942 0.75957 -0.46034 0.01012 
0.5 -0.0376 8.21169 0.8393 -0.46179 -0.01179 
0.6 -0.03939 8.92866 0.95927 -0.45757 -0.05835 
0.7 -0.04053 9.57637 1.11546 -0.46695 0.3569 

























MA CFD Fine PG KT X-Foil 
0.1 0.260889 0.261294 0.259866 0.262453 
0.2 0.260939 0.261294 0.263892 0.263147 
0.3 0.260617 0.261294 0.262924 0.260962 
0.4 0.259866 0.261294 0.261334 0.259305 
0.5 0.25736 0.261294 0.258739 0.256317 
0.6 0.247215 0.261294 0.254185 0.251693 
0.7 0.247952 0.261294 0.244386 0.241124 
0.8 0.405566 0.261294 0.18585 0.20907 
MA CFD Fine PG KT X-Foil 
0.1 0.00116156 0.00457467 
-
0.00360132 0.00699484 
0.2 0.00235215 0.00457467 -0.0335411 -0.0118182 
0.3 0.00154365 0.00457467 -0.0356243 0.0104019 
0.4 -0.00360132 0.00457467 -0.0389106 0.00995135 
0.5 -0.0199323 0.00457467 -0.0437765 0.0105847 
0.6 0.0956296 0.00457467 -0.0497854 0.0194302 
0.7 0.364457 0.00457467 -0.0456697 0.0604396 
0.8 0.50362 0.00457467 0.632636 0.348159 
MA CFD Fine PG KT X-Foil 
0.1 -0.0528288 -0.0874043 -0.0580786 -0.0528959 
0.2 -0.0536802 -0.0874043 -0.053902 -0.0535898 
0.3 -0.0553277 -0.0874043 -0.0558216 -0.0557775 
0.4 -0.0580786 -0.0874043 -0.0588787 -0.0587782 
0.5 -0.0630182 -0.0874043 -0.0636325 -0.0635733 
0.6 -0.0741297 -0.0874043 -0.0712585 -0.0706336 
0.7 -0.0753015 -0.0874043 -0.0843793 -0.0826557 





Table D.9 Viscous Karman-Tsien aerodynamic center coefficients 
MA aL0 Cl0a Cd0 Cd0L Cd0L2 Cm0a CmN CmA 
0.1 -0.0378353 6.89619 -0.00211457 -0.00539218 0.00866065 0.699806 -0.467141 -0.0260024 
0.2 -0.0377662 7.04786 -0.00239959 -0.00421257 0.0060909 0.715057 -0.466626 -0.0266949 
0.3 -0.0376383 7.32309 -0.00292462 -0.00206279 0.00166912 0.742797 -0.465699 -0.0278645 
0.4 -0.0374261 7.76512 -0.00378602 0.00141865 -0.00485858 0.787525 -0.464222 -0.0295318 
0.5 -0.0370748 8.46239 -0.00518045 0.00700235 -0.0139807 0.858497 -0.461895 -0.0315183 
0.6 -0.0364502 9.61492 -0.00754537 0.0165707 -0.0267504 0.976353 -0.457863 -0.0323518 
0.7 -0.0351061 11.7972 -0.0120793 0.0365302 -0.0463033 1.1943 -0.448185 -0.0221545 
0.8 -0.0264606 19.164 -0.0128311 0.00924878 -0.0128646 1.11809 -0.306127 0.486089 
 
Table D.10 Viscous CFD fine grid aerodynamic center coefficients 
 
Table D.11 Viscous Richardson Extrapolation aerodynamic center coefficients 
MA aL0 Cl0a Cd0 Cd0L Cd0L2 Cm0a CmN CmA 
0.1 -0.0377243 6.6339 0.00124176 -0.00131818 0.00754557 0.701761 -0.471923 0.00847211 
0.2 -0.0376061 6.92039 0.00054462 -0.00051045 0.00337659 0.714824 -0.467132 0.0097552 
0.3 -0.0375603 7.19512 0.00032796 -0.00035434 0.00232632 0.737501 -0.465262 0.00896442 
0.4 -0.0375514 7.58329 0.0002381 -0.000287 0.00177949 0.774261 -0.463727 0.00377489 
0.5 -0.0376005 8.21169 3.1622E-05 -0.00079559 0.00172174 0.839514 -0.461815 -0.0122463 
0.6 -0.0393896 8.92866 -0.00011873 -0.0132551 0.0187873 0.961674 -0.458138 -0.0707685 
0.7 -0.0405324 9.57637 -0.00179924 -0.0400685 0.0840525 1.1186 -0.453387 1.5523 






MA aL0 Cl0a Cd0 Cd0L Cd0L2 Cm0a CmN CmA 
0.1 -0.0377243 6.6339 0.00124176 -0.00131818 0.00754557 0.701761 -0.471923 0.00847211 
0.2 -0.0376061 6.92039 0.00054462 -0.00051045 0.00337659 0.714824 -0.467132 0.0097552 
0.3 -0.0375603 7.19512 0.00032796 -0.00035434 0.00232632 0.737501 -0.465262 0.00896442 
0.4 -0.0375514 7.58329 0.0002381 -0.000287 0.00177949 0.774261 -0.463727 0.00377489 
0.5 -0.0376767 8.1803 0.00026844 -0.00116093 0.00238141 0.837377 -0.46174 -0.01275 
0.6 -0.0392745 8.92785 0.0001192 -0.0134112 0.0191393 0.946815 -0.459211 -0.105382 
0.7 -0.0405293 9.57441 -0.00163839 -0.0400249 0.0843649 0.95339 -0.436617 1.36859 






              Karman -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 AOA 
0.1 0.264187 0.26428 0.264352 0.264403 0.264432 0.264439 0.264424 0.264387 0.264328 0.264248 0.264146 0.264025 0.263884 
 
0.2 0.263769 0.263836 0.263888 0.263925 0.263946 0.263951 0.263941 0.263914 0.263872 0.263815 0.263743 0.263656 0.263555 
 
0.3 0.263001 0.26302 0.263035 0.263045 0.263051 0.263053 0.26305 0.263043 0.263032 0.263016 0.262995 0.262971 0.262943 
 
0.4 0.261742 0.261681 0.261633 0.2616 0.261579 0.261573 0.261582 0.261604 0.26164 0.261689 0.261752 0.261828 0.261917 
 
0.5 0.259689 0.259495 0.259343 0.259234 0.259168 0.259146 0.259167 0.259233 0.259342 0.259494 0.259688 0.259922 0.260195 
 
0.6 0.256106 0.255674 0.255333 0.255084 0.25493 0.254871 0.254907 0.255039 0.255265 0.255584 0.255994 0.256493 0.257076 
 
0.7 0.248575 0.247627 0.246867 0.246302 0.245936 0.245771 0.245808 0.246047 0.246486 0.247122 0.247948 0.24896 0.25015 
 
0.8 0.190174 0.189927 0.18973 0.189583 0.189489 0.189446 0.189457 0.189519 0.189635 0.189801 0.190018 0.190284 0.190597 
 
Fine -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 AOA 
0.1 0.260455 0.260538 0.260604 0.26065 0.260678 0.260687 0.260676 0.260645 0.260596 0.260528 0.260441 0.260337 0.260216 
 
0.2 0.260745 0.260783 0.260813 0.260834 0.260847 0.260851 0.260846 0.260832 0.260809 0.260778 0.260739 0.260691 0.260636 
 
0.3 0.260482 0.260509 0.26053 0.260545 0.260554 0.260557 0.260553 0.260543 0.260527 0.260505 0.260477 0.260443 0.260404 
 
0.4 0.259756 0.259778 0.259795 0.259807 0.259814 0.259817 0.259814 0.259806 0.259793 0.259775 0.259753 0.259726 0.259694 
 
0.5 0.257223 0.257254 0.257278 0.257296 0.257306 0.257309 0.257305 0.257293 0.257274 0.257248 0.257216 0.257176 0.25713 
 
0.6 0.246811 0.247076 0.24728 0.24742 0.247496 0.247505 0.247448 0.247326 0.247138 0.246886 0.246572 0.246197 0.245765 
 
0.7 0.236618 0.237363 0.237928 0.238265 0.238337 0.238119 0.237605 0.236806 0.235748 0.234473 0.23303 0.231478 0.229875 
 
0.8 0.386339 0.387266 0.387795 0.387988 0.38788 0.387484 0.386794 0.385784 0.384403 0.382573 0.380168 0.376997 0.372755 
 
Rich. -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 AOA 
0.1 0.260455 0.260538 0.260604 0.26065 0.260678 0.260687 0.260676 0.260645 0.260596 0.260528 0.260441 0.260337 0.260216 
 
0.2 0.260745 0.260783 0.260813 0.260834 0.260847 0.260851 0.260846 0.260832 0.260809 0.260778 0.260739 0.260691 0.260636 
 
0.3 0.260482 0.260509 0.26053 0.260545 0.260554 0.260557 0.260553 0.260543 0.260527 0.260505 0.260477 0.260443 0.260404 
 
0.4 0.259756 0.259778 0.259795 0.259807 0.259814 0.259817 0.259814 0.259806 0.259793 0.259775 0.259753 0.259726 0.259694 
 
0.5 0.257575 0.257598 0.257615 0.257628 0.257636 0.257638 0.257635 0.257626 0.257613 0.257594 0.25757 0.257542 0.257509 
 
0.6 0.242433 0.242697 0.2429 0.24304 0.243115 0.243125 0.243068 0.242946 0.242758 0.242507 0.242194 0.24182 0.24139 
 
0.7 0.218792 0.219664 0.220324 0.220716 0.220797 0.22054 0.219937 0.219 0.21776 0.216264 0.21457 0.212745 0.210858 
 












              Karmin -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 AOA 
0.1 -0.038343 -0.037692 -0.037033 -0.036368 -0.035698 -0.035026 -0.034353 -0.033682 -0.033015 -0.032354 -0.031700 -0.031056 -0.030424 
 
0.2 -0.037717 -0.037258 -0.036794 -0.036325 -0.035852 -0.035378 -0.034904 -0.034431 -0.033961 -0.033494 -0.033033 -0.032580 -0.032134 
 
0.3 -0.036593 -0.036468 -0.036341 -0.036213 -0.036085 -0.035955 -0.035826 -0.035697 -0.035569 -0.035442 -0.035317 -0.035193 -0.035072 
 
0.4 -0.034816 -0.035192 -0.035572 -0.035957 -0.036344 -0.036732 -0.037120 -0.037508 -0.037893 -0.038274 -0.038652 -0.039023 -0.039388 
 
0.5 -0.031884 -0.032973 -0.034077 -0.035192 -0.036314 -0.037440 -0.038566 -0.039689 -0.040806 -0.041912 -0.043006 -0.044082 -0.045139 
 
0.6 -0.025683 -0.027785 -0.029916 -0.032069 -0.034238 -0.036415 -0.038593 -0.040765 -0.042924 -0.045062 -0.047172 -0.049249 -0.051284 
 
0.7 -0.004871 -0.008447 -0.012087 -0.015777 -0.019501 -0.023245 -0.026993 -0.030730 -0.034440 -0.038109 -0.041723 -0.045266 -0.048726 
 
0.8 0.490416 0.489253 0.488072 0.486878 0.485674 0.484466 0.483255 0.482048 0.480846 0.479656 0.478480 0.477321 0.476185 
 
Fine -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 AOA 
0.1 -0.002837 -0.002272 -0.001700 -0.001122 -0.000540 0.000043 0.000627 0.001210 0.001789 0.002363 0.002930 0.003489 0.004038 
 
0.2 0.000536 0.000787 0.001041 0.001297 0.001555 0.001813 0.002072 0.002331 0.002587 0.002842 0.003093 0.003341 0.003585 
 
0.3 0.000245 0.000422 0.000601 0.000782 0.000964 0.001147 0.001329 0.001512 0.001693 0.001873 0.002050 0.002225 0.002397 
 
0.4 -0.004708 -0.004566 -0.004423 -0.004278 -0.004133 -0.003986 -0.003840 -0.003694 -0.003549 -0.003406 -0.003263 -0.003124 -0.002986 
 
0.5 -0.021808 -0.021602 -0.021393 -0.021183 -0.020971 -0.020758 -0.020545 -0.020333 -0.020122 -0.019912 -0.019705 -0.019502 -0.019302 
 
0.6 -0.128953 -0.126750 -0.124516 -0.122258 -0.119984 -0.117700 -0.115415 -0.113135 -0.110869 -0.108622 -0.106403 -0.104218 -0.102075 
 
0.7 1.113400 1.146850 1.183780 1.223650 1.265720 1.309150 1.353020 1.396370 1.438300 1.478030 1.514890 1.548380 1.578200 
 
0.8 -1.181670 -1.212840 -1.241020 -1.267200 -1.292190 -1.316660 -1.341260 -1.366650 -1.393560 -1.422920 -1.455910 -1.494220 -1.540410 
 
Richardson -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 AOA 
0.1 -0.002837 -0.002272 -0.001700 -0.001122 -0.000540 0.000043 0.000627 0.001210 0.001789 0.002363 0.002930 0.003489 0.004038 
 
0.2 0.000536 0.000787 0.001041 0.001297 0.001555 0.001813 0.002072 0.002331 0.002587 0.002842 0.003093 0.003341 0.003585 
 
0.3 0.000245 0.000422 0.000601 0.000782 0.000964 0.001147 0.001329 0.001512 0.001693 0.001873 0.002050 0.002225 0.002397 
 
0.4 -0.004708 -0.004566 -0.004423 -0.004278 -0.004133 -0.003986 -0.003840 -0.003694 -0.003549 -0.003406 -0.003263 -0.003124 -0.002986 
 
0.5 -0.020892 -0.020743 -0.020593 -0.020441 -0.020289 -0.020135 -0.019982 -0.019829 -0.019677 -0.019526 -0.019377 -0.019230 -0.019086 
 
0.6 -0.094411 -0.092222 -0.090003 -0.087760 -0.085501 -0.083233 -0.080963 -0.078699 -0.076448 -0.074216 -0.072012 -0.069842 -0.067713 
 
0.7 1.257550 1.296250 1.338910 1.384910 1.433400 1.483440 1.533970 1.583930 1.632290 1.678150 1.720750 1.759540 1.794140 
 












              Karmin -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 AOA 
0.1 -0.052922 -0.052935 -0.052941 -0.052942 -0.052941 -0.052940 -0.052943 -0.052951 -0.052967 -0.052995 -0.053035 -0.053091 -0.053165 
 
0.2 -0.053985 -0.053995 -0.053999 -0.054000 -0.053999 -0.053998 -0.054000 -0.054006 -0.054018 -0.054038 -0.054067 -0.054108 -0.054162 
 
0.3 -0.055905 -0.055908 -0.055909 -0.055909 -0.055909 -0.055909 -0.055909 -0.055911 -0.055914 -0.055920 -0.055928 -0.055940 -0.055956 
 
0.4 -0.058960 -0.058950 -0.058947 -0.058946 -0.058947 -0.058948 -0.058947 -0.058942 -0.058931 -0.058912 -0.058883 -0.058844 -0.058792 
 
0.5 -0.063702 -0.063671 -0.063658 -0.063658 -0.063663 -0.063667 -0.063664 -0.063647 -0.063610 -0.063547 -0.063452 -0.063318 -0.063142 
 
0.6 -0.071277 -0.071200 -0.071169 -0.071169 -0.071184 -0.071197 -0.071192 -0.071154 -0.071067 -0.070916 -0.070685 -0.070362 -0.069933 
 
0.7 -0.059387 -0.059265 -0.059202 -0.059182 -0.059188 -0.059203 -0.059209 -0.059188 -0.059123 -0.058997 -0.058793 -0.058497 -0.058093 
 
Fine -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 AOA 
0.1 -0.052852 -0.052865 -0.052872 -0.052875 -0.052876 -0.052877 -0.052881 -0.052890 -0.052905 -0.052930 -0.052966 -0.053015 -0.053079 
 
0.2 -0.053694 -0.053700 -0.053703 -0.053704 -0.053704 -0.053705 -0.053706 -0.053710 -0.053717 -0.053729 -0.053746 -0.053769 -0.053799 
 
0.3 -0.055337 -0.055341 -0.055343 -0.055344 -0.055344 -0.055345 -0.055346 -0.055349 -0.055354 -0.055362 -0.055375 -0.055392 -0.055414 
 
0.4 -0.058085 -0.058088 -0.058090 -0.058091 -0.058091 -0.058091 -0.058092 -0.058094 -0.058099 -0.058106 -0.058117 -0.058131 -0.058150 
 
0.5 -0.063025 -0.063031 -0.063034 -0.063035 -0.063035 -0.063036 -0.063037 -0.063041 -0.063048 -0.063059 -0.063076 -0.063098 -0.063128 
 
0.6 -0.074203 -0.074256 -0.074283 -0.074291 -0.074292 -0.074296 -0.074312 -0.074352 -0.074425 -0.074541 -0.074708 -0.074937 -0.075233 
 
0.7 -0.077294 -0.077435 -0.077476 -0.077444 -0.077378 -0.077325 -0.077337 -0.077462 -0.077741 -0.078203 -0.078862 -0.079715 -0.080744 
 
0.8 -0.051013 -0.050795 -0.050417 -0.049950 -0.049449 -0.048963 -0.048536 -0.048218 -0.048069 -0.048170 -0.048635 -0.049633 -0.051429 
 
Rich. -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 AOA 
0.1 -0.052852 -0.052865 -0.052872 -0.052875 -0.052876 -0.052877 -0.052881 -0.052890 -0.052905 -0.052930 -0.052966 -0.053015 -0.053079 
 
0.2 -0.053694 -0.053700 -0.053703 -0.053704 -0.053704 -0.053705 -0.053706 -0.053710 -0.053717 -0.053729 -0.053746 -0.053769 -0.053799 
 
0.3 -0.055337 -0.055341 -0.055343 -0.055344 -0.055344 -0.055345 -0.055346 -0.055349 -0.055354 -0.055362 -0.055375 -0.055392 -0.055414 
 
0.4 -0.058085 -0.058088 -0.058090 -0.058091 -0.058091 -0.058091 -0.058092 -0.058094 -0.058099 -0.058106 -0.058117 -0.058131 -0.058150 
 
0.5 -0.063065 -0.063069 -0.063072 -0.063072 -0.063072 -0.063073 -0.063074 -0.063076 -0.063081 -0.063090 -0.063101 -0.063118 -0.063139 
 
0.6 -0.075598 -0.075650 -0.075676 -0.075684 -0.075684 -0.075688 -0.075704 -0.075743 -0.075815 -0.075930 -0.076097 -0.076325 -0.076620 
 
0.7 -0.090736 -0.090897 -0.090939 -0.090895 -0.090811 -0.090743 -0.090750 -0.090889 -0.091209 -0.091744 -0.092510 -0.093507 -0.094714 
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